
UC Riverside
UC Riverside Electronic Theses and Dissertations

Title
Low Barrier Hydrogen Bonds in Acyclic Tertiary Diamines

Permalink
https://escholarship.org/uc/item/33c9g35k

Author
Khodagholian, Sevana

Publication Date
2010
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/33c9g35k
https://escholarship.org
http://www.cdlib.org/


 

 

UNIVERSITY OF CALIFORNIA  
RIVERSIDE 

 
 
 
 

Low Barrier Hydrogen Bonds in Acyclic Tertiary Diamines 
 
 
 

A Dissertation submitted in partial satisfaction 
of the requirements for the degree of 

 
 

Doctor of Philosophy 
 
 

in 
 
 

Chemistry 
 
 

by 
 
 

Sevana Khodagholian 
 
 

August 2010 
 
 
 
 
 
 

Dissertation Committee: 
 Dr. Thomas H. Morton, Chairperson 
 Dr. Michael Marsella 
 Dr. Michael Pirrung



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Sevana Khodagholian 

2010



 

 

 
 
 
 
 
 
The Dissertation of Sevana Khodagholian is approved: 
 
 

 
_________________________________________________ 
 
 
_________________________________________________ 
 
 
_________________________________________________ 

Committee Chairperson 
 
 
 
 
 
 
 
 

       University of California, Riverside 
 
  



   

 

iv 

 

Acknowledgment 

 

  

Graduate school was not just about research, it truly was a way of life. I am 

blessed to have had the love and support of my family. They were anchor, my biggest 

fans, and my greatest support system. Thank you for understanding, even when it was 

hard to understand. To my brother, you are my favorite person. Ever. I love you very 

much. And Boobie and Jeti…jana! 

A very special thank you to all the friends I had coming into this experience and 

to all the friends I have made. From the days I spent studying with Jessica Garcia at USC 

to the nights I stayed up with Ana Gamboa at UCR, thank you. Thank you to Sharis 

Nazarian who has made this experience unbelievable and unforgettable. Our first night in 

Riverside started with stitches and the last night ended with tears. And of course, there 

was Jeti in the middle of all that! To Bruce Ford, thank you for always understanding and 

helping me grow as a person, you truly are incredible. Everyone I met changed me in a 

special way, and for every experience and encounter, I am thankful.  

And of course, none of this would have been possible without the support and 

guidance of Dr. Thomas Morton, who has taught me more than just chemistry. Working 

for Tom has never been anything less than interesting.  

 

 



   

 

v 

 

 

 

 

 

Dedicated to Tangyuan Cao 

October 10, 1976 – October 19, 2009 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

vi 

ABSTRACT OF THE DISSERTATION 
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 The potential energy surface for a hydron between two basic nitrogens has two 

wells corresponding to the hydron localized on one nitrogen or the other. An energy 

barrier for hydron transit corresponds to its being situated midway between the two 

nitrogens. The term “low barrier hydrogen bond” (LBHB) is used to describe systems 

where the zero point energy is comparable to the barrier height. This work focuses on 

acyclic tertiary diamines which, when a single hydron is introduced, form a strong 

intramolecular hydrogen bond. 

Infrared Multiple Photon Dissociation (IRMPD) is a type of action spectroscopy, 

which allows the study of isolated ions in the gas phase. IRMPD spectra of the 

monoprotonated diamines synthesized here show low-frequency vibrations that disappear 

when bridging H+ is replaced by D+. Anharmonic theoretical calculations, which treat the 
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NH+--N system as a linear triatomic with a double well potential, make predictions for 

LBHBs in line with the experimental results.  

DFT calculations, used to construct 1- and 2-dimensional potential energy 

surfaces, show low hydron transit barriers and predict the first vibrational transitions 

associated with the asymmetric NHN and symmetric NN stretches. The asymmetric 

stretch is calculated to appear around 540 cm-1. A broad band in the IRMPD of 

protonated (CH3)2NCH2CH2C(CH3)2CH2CH2N(CH3)2 (540-660 cm-1) disappears upon 

deuteration. Conjugate acid ions of the unsymmetrically substituted isomer, 

(CH3)2NCH2C(CH3)2CH2CH2CH2N(CH3)2, exhibit a much narrower band in the same 

domain (620 cm-1), which also disappears upon substitution of bridging H+ with D+. 

Deuterium substitution confirms peak assignments:  calculations of the D+-bridged 

species predict the asymmetric stretch to shift to around 300 cm-1, outside the 

experimentally accessible domain.  

NHN bends of the intramolecular proton bridges appear at much lower 

frequencies than calculated by full-dimensional harmonic or anharmonic calculations. 

The proton-bridged ions display bands around 1330 cm-1, which disappear for the D+-

bridged species. The isotopic shift of these bands to lower frequency is presumably 

obscured by other bands in this region.  

 Along with protonated tetramethylputrescine, these cations represent the first 

documented cases of LBHBs where the bridging proton has been specifically replaced 

with a bridging deuterium, allowing for assignment of the asymmetric stretch.  
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2 

Hydrogen bonds are one of the principal intermolecular forces. A special class of 

hydrogen bonds, low-barrier hydrogen bonds (LBHBs), are conceived as being very short, 

strong bonds that may play a major role in biological macromolecules. LBHBs have been 

hypothesized to represent a major structural feature of proteins and nucleic acids, but 

undisputed examples have proven difficult to find.  

Amino acids with basic side chains participate in catalytic activity that requires a 

higher basicity than even the most basic amino acid. Yet, enzymes with amine and 

guanidine side chains are able to accomplish proton abstractions that require a much 

higher pKa. The theory is that this could be accomplished by juxtaposing two basic 

groups, leading to increasing overall basicity via formation of a low barrier hydrogen 

bond.  

A biological example of a hypothesized LBHB is the catalytic triad in 

chymotrypsin, which consists of Ser195, His57, and Asp102. The acylation of Ser195 by 

substrates is an essential process in peptide hydrolysis. Aliphatic OH groups are less 

nucleophilic than imidazole rings. In the resting state of the enzyme, the H atom of the 

Ser195 side chain forms an ordinary hydrogen bond to the nitrogen on the imidazole ring 

of the histidine group. By forming a strong hydrogen bond with the other nitrogen on the 

imidazole ring, the carboxylate anion from the side chain of Asp102 ensures the correct 

orientation of the ring towards the serine hydroxy group and provides electrostatic 

stabilization.1 This facilitates the attack by the sidechain hydroxy group of the Ser195 on 

the carbonyl group of an entering substrate, creating a charged tetrahedral intermediate. 

Stabilization is an important factor in ensuring the catalytic efficiency of these enzymes. 
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An important aspect in the stabilization of the intermediate adduct is that the pKa of the 

histidine in the presence of the conjugate acid of the oxyanion must be greater than the 

pKa of the oxyanion in the presence of the imidazolium ion of the histidine.2 This 

zwitterionic tetrahedral intermediate intermediate is stabilized by forming strong 

hydrogen bonds with the peptidic NH groups of Gly193 and Ser195.3 This constitutes an 

oxyanion hole, which also contains a strong hydrogen bond. The changes in hydrogen 

bonding represented in Figure 1.1 are believed to contribute to catalysis by stabilizing 

the charged tetrahedral intermediate.4 Hydrogen abstraction from the protonated oxygen 

by the imidazole nitrogen creates a strong hydrogen bond between the oxygen and the 

nitrogen.  
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Figure 1.1: Mechanism of the catalytic triad in chymotrypsin 

 

Breaking the C-N bond of the tetrahedral intermediate reforms the carbonyl 

double bond, severing the amide linkage, and leaving the serine acylated. To the extent 
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that the transition state is stabilized by the formation of a strong hydrogen bond, the 

activation energy is reduced and the rate is increased. Overall, the binding of the peptidyl 

group alters the interaction between His57 and Asp102 by promoting the conversion of a 

strong hydrogen bond to a salt bridge and in turn, increasing the basicity of His57. This 

increased basicity enhances its reactivity as a Brønsted base in removing the proton from 

Ser195, lowering the transition state for forming the tetrahedral intermediate (Figure 1.1).5 

Although there is much evidence in favor of these strong hydrogen bonds, part of 

the scientific community believes that there is no basis for invoking low barrier hydrogen 

bonds to explain enzymatic rate enhancements. Warshel and Papazyan argue that the 

LBHBs formed by the enzyme during catalysis do not offer extra transition state 

stabilization over regular hydrogen bonds, and, therefore, LBHBs cannot be the origin of 

the enormous catalytic power of enzymes.6 One argument against LBHBs is that low 

barrier hydrogen bonds ought to be less stable than regular hydrogen bonds in water. 

Associating the polarity of water with this slowness, and due to the fact the enzymatic 

sites are usually polar, LBHBs cannot provide the additional stabilization over ordinary 

hydrogen bonds that is observed in enzyme catalysis. Even when the pKa values of a 

donor and acceptor match, LBHBs should not form in water. In polar liquids, the 

hydrogen bond will be polarized in such a way as to attain a large solvation energy, and 

this tends to make a LBHB unfavorable. Because an asymmetric hydrogen bond is 

solvated more strongly than a symmetric LBHB (in which the charge is delocalized) the 

asymmetric configuration is stabilized relative to the symmetric. Thus, polar solvents 

should favor asymmetric, non-LBHB geometries.7 Also, a solvated ordinary hydrogen 
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bond is more stable than a LBHB, and any extra covalent stabilization in a LBHB is not 

large enough to win over the largely electrostatic solvation effects. Therefore, LBHBs 

ought to exist only in nonpolar or weakly polar environments, where the solvation is 

reduced. Since this is not the natural environment for the activity of many enzymes, 

LBHBs cannot possibly add that much extra stabilization to the transition state.  

Another argument against LBHBs stabilizing enzyme catalysis stems from the 

electrostatic nature of the stabilization. Enzyme catalysis occurs when the enzyme binds 

to the transition state more tightly that than the enzyme would bind to starting material. 

Two noncovalent ways the enzyme can bind to the transition state are van der Waals 

interactions and electrostatic interactions. The stabilization of hydrogen bonds and their 

catalytic effect is largely electrostatic in condensed phases, including proteins.8 

Calculations on trypsin,9 subtilisin,10 carbonic anhydrase,11 and other proteins where 

LBHBs are hypothesized to play a vital role show that stabilization of the transition state 

by electrostatic factors is sufficient to account for the majority of the catalytic effects, and 

there is no need to evoke LBHBs as the primary stabilization factor.  

In 2006, Fuhrmann et al. presented evidence against the His57-Ser195 hydrogen 

bond being a LBHB, as previously hypothesized.12 They propose that the hydrogen bond 

that enhances the catalysis of the first step of the acylation reaction is a normal ionic 

linkage (or a strong hydrogen bond), not the previously hypothesized LBHB. 

Furthermore, the stabilization of the transition state in the mechanism of the catalytic 

triad is a collection of many short hydrogen bonds, and therefore cannot be attributed to 

formation of a LBHB between His57 and Ser195.  
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Fuhrmann et al. present ultrahigh-resolution crystal structures that mimic the 

transition states in the chymotrypsin-like serine proteases. These crystals display a low 

level of thermal disorder, and hydrogens were visible on the amino acid residues. 

Although a LBHB has been proposed as the main factor in facilitating deprotonation of 

Ser195 by His57 in the catalytic triad of chymotrypsin, the crystal structures of the amino 

acids mimicking the acylation tetrahedral intermediate showed a measured N-O distance 

of 2.734 ± 0.005 Å. Traditionally, a distance on the order of 2.65 Å or less is required for 

diagnosis as a LBHB: the NN distance reported by the Morton/Mueller groups at UCR 

for the triflic acid salt of tetramethylputrescine is 2.66 Å for which the 15N-H dipolar 

coupling constant demonstrates a LBHB.13 The longer bond length in the enzyme 

suggests that the catalytic triad in chymotrysin does not correspond to a low barrier 

hydrogen bond.  

Outside of enzymology, protonation of nucleotides has a critical effect on their 

hydrogen bonding capabilities and can lead to non-Watson-Crick base pairing schemes 

that may involve LBHBs. Protonation of cytidine residues of polyribocytidylic acid 

(polyC) leads to triply hydrogen bonded helices.14 Upon addition of one equivalent H+ 

per polyC-C pair, the endocyclic nitrogen of one of the rings is protonated. A total of 

three hydrogen bonds per polyC-C unit form, which serve to both form and stabilize the 

helix (Figure 1.2). Upon addition of two protons, the helix unravels, and each cytosine 

residue is protonated. Infrared studies of polyC demonstrate that as the pH is lowered, 

bands associated with the neutral species at 1502 cm-1 and 1610 cm-1 decrease. In 
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addition to the disappearance of these bands, there is an appearance of a band at 1692  

cm-1, indicative of the protonated species.  

                              
Figure 1.2: Proton bound polyC 

 
 
 
Langridge and Rich also studied the interaction between the two strands that form 

a helix in protonated polyC.15 The primary force bringing the chains together is hydrogen 

bonding, and three hydrogen bonds can form between two cytosine rings upon addition of 

H+. At neutral or slightly basic pH, the X-ray diffraction pattern is amorphous and shows 

no evidence of internal order. However, at low pH, an ordered form of the diffraction 

pattern appears. This fact suggests that the addition of protons brings about an organized 

form of the polymer. The X-ray diffraction pattern shows that the protonated form of the 

molecule has a helical configuration and each helical turn contains six molecules. 

Evidence suggests that the complex consists of two parallel helices related by a two-fold 

rotational axis. The addition of more protons destroys this symmetry. This fact implies 

that the stable helical form of polyC is hemiprotonated.  

Upon the addition of H+, nucleosides can also self dimerize, forming a complex 

containing three hydrogen bonds. An example of a proton bound cation is the complex 
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formed by the nucleoside cytidine with cytidinium fluoroborate (Figure 1.3).16 At low 

pH, the cytidinium cation hydrogen bonds to cytidine, and its vibrational spectra indicate 

that the proton is asymmetrically located on one nitrogen on the vibrational timescale. 

The complex has 2n+9 modes, n being the number of normal modes of cytidine. Six of 

these modes are intermolecular modes in the far IR range, and three modes are concerned 

with the motion of the proton – the stretching and bending modes. The remaining 2n 

modes relate to the internal modes of the cytidine molecule. In the case where the proton 

is asymmetrically located, the complex lacks a center of symmetry, making the internal 

modes of both the cytidinium cation and neutral cytidine both IR and Raman active. On 

the other hand, if the proton were symmetrically located, rendering the complex 

symmetric, one member of each pair has Raman active internal modes, and the other has 

IR active modes internal modes. 

                             
 
Figure 1.3: Proton bound dimer of cytidine 
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Infrared spectra of the solid D+ (to avoid absorption by an NH2 deformation) 

bridged cytidinium fluoroborate complex shows ring modes and C=O stretching 

frequencies at 1612 cm-1 and 1650 cm-1 in the base and 1656 cm-1 and 1710 cm-1 in the 

salt. The complex has a peak at 1607 cm-1, likely a shift of the 1612 cm-1 ring mode of 

the base. There is a peak at 1695 cm-1 representing the carbonyl stretch. The complex 

also has a broad band around 1665 cm-1 which comprises both the ring mode and the 

carbonyl stretching mode. This band at 1665 cm-1 has a higher intensity than the assigned 

carbonyl stretch. Based on these data, Borah and Wood concluded that the IR spectrum 

displays two bands for the ring mode (1607 cm-1 and 1665 cm-1) and two bands for the 

carbonyl stretch (1665 cm-1 and 1695 cm-1), and thus, the proton is asymmetrically 

located.  

Both “base-like” and “salt-like” components are IR active in the solid complex, 

implying that the complex is not centrosymmetric, and the origin of asymmetry is the off-

center location of the bridging proton. In the range below 1500 cm-1, comparison of peak 

intensity contributions associated with the base and with the salt renders the complex 

more “salt-like”. However, the spectra of the complex contain contributions from both 

species. In the H+ species, the 1010 cm-1 band derives from the 994 cm-1 base band, while 

the 1138 cm-1 band derives from the 1140 cm-1 salt band. In the D+ analogue, the 604 cm-

1 band derives from a base, and the 540 cm-1 band derives from a salt band. Borah and 

Wood concluded that the IR spectrum of the complex displays bands associated with both 

the base and the salt, again indicating an asymmetric complex on a vibrational timescale.  
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Crystals of cytosinium hemitetrachlorozincate cytosine were synthesized and 

studied by Fujinami et. al in 1979.17 X-ray diffraction studies reveal a triply hydrogen 

bound complex that forms parallel pyrimidine-pyridinium sheets with a separation of 

3.26 Å, indicating strong stacking interaction. The [ZnCl4]2- counterion rests between the 

sheets and, while the chlorine atoms form hydrogen bonds to the NH and CH moieties on 

the rings, the zinc atom does not directly coordinate to the cytosine ring. The hydrogen 

bonding of the complex with the chlorine atom of the counterion causes a slight deviation 

from planarity and a distortion of the tetrahedral angles of zinc. The proton is not equally 

shared by the two cytosine rings; instead, it is localized on the endocyclic nitrogen of one 

ring and hydrogen bonds to a neutral cytosine molecule.  

Another putative example of a LBHB is in the proton-bound dimer of N-1-

methylcytosine (MeC), which is known to self assemble in acidic media (Figure 1.4).18 

The good correlation between electrospray ionization (ESI) mass spectrometry and 

solution phase data has prompted the investigation of self-clusters in the gas phase. When 

ESI is used to directly produce ions from solution, the phase transition should reflect 

molecular interactions in solution, and therefore, can be a good technique for analyzing 

the hydrogen bonds of the solution using gas phase techniques.  

Crystalline structures have been studied by X-ray diffraction and were found to 

arrange in an anti-parallel fashion with the nitrogen of one cytosine forming a proton 

bridge, but the position of the proton cannot easily be assigned to one nitrogen or the 

other. This dimer arrangement also forms two additional regular hydrogen bonds. The 

question of whether an LBHB exists has been much debated in the literature. If the two 
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pyrimidyl rings are equivalent due to an inversion center, both NO distances should be 

equal, 2.816 Å, and the intermolecular NN distance 2.818 Å. This example in literature, 

where the two MeC moieties are equal, has been vigorously disputed, as will be discussed 

below. 

                            
Figure 1.4: Proton-bound dimer of N-1-methylcytosine 
 
 
 

Theoretical calculations have also been performed on MeCH+-MeC. The lowest 

energy structures show three hydrogen bonds with differing intermolecular NO distances 

of 1.768 Å and 2.103 Å, and a NN distance of 1.917 Å. The bond length of the 

protonated nitrogen to both its neighboring carbons becomes elongated in the cationic 

form, whereas the neighboring carbon-oxygen and carbon-nitrogen lengths shorten. The 

MeCH+-MeC complex is completely planar.  

Hemiprotonated MeC base pairs have also been crystallized with [Au(CN)4]- as a 

suitable anion due to its planarity. X-ray diffraction measurements determined the NO 

distances to be 2.812 Å and 2.916 Å. These distances are unequal, implying that one 

MeC molecule is protonated while the other is bound to it by two ordinary hydrogen 

bonds and one strong hydrogen bond with an NN distance of 2.885 Å.19 
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Other MeCH+-MeC complexes have been formed in the solid phase. The crystal 

structure of methylcytosine hemihydroiodide hemihydrate was reported by Kistenmacher 

et al., and this also contains an asymmetric hydrogen bond between the two nitrogens.20 

The structure consists of triply hydrogen bonded [(MeC)2H]+ molecules that are closely 

associated into stacked dimers. In the 1-methylcytosine hemihydroiodide hemihydrate, 

the asymmetry in the intermolecular hydrogen bonding is stimulated, in part, by base-

base stacking, with a mean distance of 3.22 Å. Within these dimeric units, the stacking is 

such that the carbonyl group of the protonated MeC strongly overlaps the heterocyclic 

ring of the adjacent neutral MeC. Three intermolecular hydrogen bonds, the water of 

crystallization, and the iodide anion collectively contribute to the stability of the crystal. 

The iodide anion and the solvent water molecule both act as acceptors in hydrogen 

bonding, so all the acidic hydrogens in the complex are employed as donors in hydrogen 

bonding, resulting in a highly efficient packing arrangement. In the protonated dimer, the 

intermolecular NN distance is 2.836 Å , and the NO distances are 2.917 Å and 2.755 Å. 

Not unexpectedly, the two ordinary hydrogen bonds that are of different lengths are also 

of different strengths. The interaction between the amino group of the protonated (more 

acidic) MeC forms a stronger hydrogen bond to the carbonyl oxygen of the neutral base 

than that formed between the amino group of the neutral base and the carbonyl oxygen of 

the protonated base. The NHN bond is strong and nearly linear (174°), and the NH 

distance is 0.95 Å, too close for the proton to be shared, suggesting one protonated and 

one neutral molecule. The cationic ring has an endocyclic bond angle at the protonated 

nitrogen that is 4° larger than the unprotonated analogue (124° versus 120°). The IR 
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spectrum of methylcytosine hemihydroiodide hemihydrate contains a band at 1890 cm-1, 

which has been suggested as indicative of an asymmetrical hydrogen bond between a 

base and its conjugate acid.  

Krüger et al. reported the centrosymmetric structure of anhydrous [(MeC)2H]I,21 

but the apparent symmetry appears to be a consequence of a disordered H atom in the 

central hydrogen bond. There is a temperature-dependent change from disordered to 

ordered, and analysis of the data set performed by Müller and Freisinger (discussed 

below) resolve this disorder. Although Krüger et al. inferred a centrosymmetric crystal 

structure, quantum chemical calculations at the DFT level of theory using the hybrid 

functional B3LYP and the basis sets 6-31G* and 6-31G** suggest the formation of an 

asymmetric base pair.19 All three hydrogen bonds are unsymmetric and nearly linear. 

Calculations show that the activation energy for transit of the proton from one MeC 

molecule to the other is low, 3.7 kcal/mol and 1.1 kcal/mol, with and without ZPE 

corrections, respectively. The energetics of the reaction between MeC and MeCH+ to 

produce [(MeC)2H]+ were studied to gain insight into the stabilization of the hydrogen 

bound dimer. The interaction energy (corrected for basis set superposition error, BSSE) is 

-42.4 kcal/mol and -43.9 kcal/mol, with and without zero point corrections.  

In 2005, Müller and Freisinger repeat the crystal structure of anhydrous 

[(MeC)2H]I at 163 K, which displays an asymmetric base pairing pattern.22 The crystal 

structure shows nearly coplanar, triply hydrogen bonded base pairs that stack at a 

distance of approximately 3.4 Å. Two base pairs are bridged via the iodide counterion, 

which forms hydrogen bonds to the exocyclic amine groups of two bases. Upon 
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protonation, the endocyclic bond angle at the protonated nitrogen increases from 119.6° 

to 125.1°. Also, neighboring CN and CO bond lengths increase in MeCH+ versus MeC. 

The CN bond increases from 1.291 Å to 1.333 Å, and the CO bond increases from 1.219 

Å to 1.245 Å. The two N(H)-O bonds have differing hydrogen bond lengths due to 

different hydrogen bond strengths; the stronger bond has a distance of 2.762 Å, and the 

weaker one has a distance of 2.901 Å. The NN distance is 2.808 Å.  

Crystals of protonated methylcytosine perchlorate have also been studied. 

Analysis of these systems suggests that interactions are more varied than in the HI salts, 

and are also determined by more than just cation-anion hydrogen bonding.23 As observed 

in previous examples of [(MeC)2H]+, protonation occurs at the endocyclic nitrogen and 

produces significant alternations in bond lengths and angles of the cytosine ring. 

However, the perchlorate anion has two sites to which it can bind. In the weaker of the 

two binding sites, two of the perchlorate oxygen atoms utilize one of the amino protons 

and the proton on the ring carbon. In a second, much stronger binding site, the 

perchlorate anion associates with the second amino proton. In this site, the proton on the 

endocyclic nitrogen acts as a hydrogen bond donor to the carbonyl oxygen on an 

inversion-related cytosine ring in a very strong interpyrimidine hydrogen bond. The 

weaker, hydrogen-bonded perchlorate anion site is involved in cation-anion hydrogen 

bonding, and the stronger site includes both cation-anion and cation-cation hydrogen 

bonding. 

 In 1971, Clements et al. spectroscopically characterized evidence for a double 

minimum proton potential for a series of hydrogen bonded cations of the type (B2H)+, 
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where B is a heterocyclic base.24 In the absence of ion and solvent interference, the 

chloride salts of (B2H)+were vibrationally characterized to reveal the vs band of the 

symmetric cations shows a pronounced doublet structure which corresponds to a single 

maximum in the D+ bridged species. The vs band doubling is not due to 2 x !NH because it 

develops into a single band as the system becomes asymmetric. If Fermi resonance were 

operative, it still leaves the question of a very low deuteration shift (vH/vD = 1.2), 

characteristic of a low double minimum potential.25 This unusual vs band behavior is 

ascribed to proton tunneling.   

In 1974, Quick et al. collected IR spectra of a similar (BHB)+ complex cation, 

where B is benzimidazole, and reported a characteristic pair of peaks at ca. 2500 cm-1 and 

1900 cm-1, which they attributed to the NH-N grouping.26 The 2500 cm-1 band was 

assigned to the primary vs (NH stretching) band, while the 1900 cm-1 was assigned to a 

Fermi resonance of an overtone or combination mode with vs. In the deuterated analogue, 

a broad absorption was observed around 2000 cm-1, attributed to ND-N. These features 

are retained when the spectra are taken in acetonitrile solution, suggesting that the NH-N 

bond has an asymmetric single minimum potential in both the solid and solution phase.  

Yet another example of a proton-bound cation that may contain a LBHB is the 

trimethylammonium-trimethylamine complex. Its existence in solution is confirmed by 

infrared analysis, by isotopic substitutions, and by various perdeuterations.27 There is 

great interest as to the position of the bridging proton, whether it exists in a double- or 

single-well minimum potential for motion of the proton between the two nitrogens. 

Solutions were prepared by adding liquid trimethylamine to saturated 
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trimethylammonium salt/solvent solutions until trimethylammonium salt precipitates out. 

The most striking feature of the spectroscopic data gathered is the very broad and very 

strong absorption centered at abut 2100 cm-1. Because the only donor in the solution is 

trimethylammonium, and trimethylamine is a stronger acceptor than solvent molecules 

(acetonitrile and nitromethane), this band is assigned to the trimethylammonium-

trimethylamine complex. The perdeuterated complex with a bridging hydrogen also gives 

a similar broad absorption around 2100 cm-1. The band shifts upon substitution of the 

bridging hydrogen with a bridging deuterium to a much more narrow absorption with a 

single maximum observed at about 1750 cm-1, giving an isotopic ratio of ~1.2.  

The trimethylammonium-pyridine complex behaves much more asymmetrically 

than does the trimethylammonium-trimethylamine complex, and this is observed in the 

lower stretching frequencies for both the species with hydrogen as well as with deuterium. 

The NH+ and ND+ stretching frequencies are 3170 cm-1 and 2350 cm-1, respectively. 

These match the frequencies calculated in the asymmetric complexes of 

trimethylammonium-pyridine with bridging proton and deuterium. The stretching 

frequencies for the symmetric trimethylammonium-trimethylamine complex with 

bridging proton and deuterium are much lower, and indicate a much stronger hydrogen 

bond.  

 To gain some information about the position of the proton, the region of the 

complex spectra where the internal modes of the base appear was examined. The modes 

in which trimethylamine is most likely to act as electron donor or acceptor are the modes 

that are most likely to show splitting if the proton experiences a double minimum 
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potential. If the structure were symmetric, then only one infrared complex band should be 

observed corresponding to the one position of the proton. Conversely, if two complex 

bands are observed, this would correspond to the proton being located in one of two 

double minimum potentials, and the dimer would not be symmetrical. A singlet was 

observed at 1215 cm-1 in the trimethylammonium-trimethylamine complex, which was 

assigned to CN stretch/CH3 rock. Assignment was unambiguous when frequency 

correlation experiments were done to compare the stretches of trimethylammonium, 

trimethylammonium-pyridine complex, and trimethylammonium-trimethylamine 

complex, which did respectively decrease. Also, the CN stretch for the 

trimethylammonium-trimethylamine with bridging H+ and D+ are both singlets and are 

observed at 801 cm-1 and 805 cm-1. Again, in the CNC bending region, relatively strong 

singlet bands are observed, 460 cm-1 (for bridging proton) and 455 cm-1 (for bridging 

deuterium). Since no doubling of internal bands is observed, the notion of a symmetrical 

trimethylammonium-trimethylamine complex is favored.  

Over the past decade, the Raymond group has developed a series of self-

assembled supramolecules,28 and the Bergman group has developed a number of catalytic 

transformations.29 The two groups have recently collaborated in an effort to encapsulate 

protonated guests in a chiral cavity and study the assembly-catalyzed reactions.30 The 

tetrahedral [Ga2L6]12- (L = N,N’-bis(2,3-dihydroxybenzoyl)-1,5-diaminonaphthalene) 

assembly has purely rotational T symmetry generated from the four metal atoms and six 

naphthalene-based ligands defining the vertices and the edges of the structure, 

respectively. One group of molecules studied was protonated diamines with geminal N-
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methyl groups. Once proton-bridged, the diamines were effectively desymmetrized when 

inside the host molecule.  

Nitrogen Inversion Bond Rotation (NIR) was also studied for the protonated 

diamines with geminal N-methyl groups. It was observed that in some cases, the methyl 

groups appeared as two NMR resonances, and in other cases, only one NMR resonance 

was observed. This difference is due to interchange of the N-methyl groups on the NMR 

time scale through the process of nitrogen inversion followed by bond rotation. One N-H 

bond cleaves, the nitrogen stereocenter inverts, rotates, and reforms the hydrogen bond 

(Figure 1.5).   
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Figure 1.5: NIR process resulting in the interchange of the vicinal N-methyl groups 

 

If this process occurs rapidly on the NMR timescale, only one resonance 

corresponding to the methyl group will be observed. Conversely, if the exchange process 

is slow, two methyl resonances should be observed. Variable-temperature 1H NMR 

experiments on the encapsulated monoprotonated diamines show that at lower 

temperatures, there are two peaks in the NMR, and as the temperature increases, these 
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two peaks coalesce into a single peak. The rate of exchange at the point of coalescence 

can be determined by measuring the difference in Hertz ("v) between the two peaks at 

the slow exchange limit. 

kc = #/$2 |"v|                                                                                       Equation 1.1 

By determining the coalescence temperature (Tc) for the hydrogen-bond 

breaking/NIR process, the free energy of activation for the coalescence process can be 

determined. (NIR2) 

"G  = RTc ln (RTc/kcNAh)                                                                   Equation 1.2 

The question remained whether the observed coalescence behavior occurs inside 

the assembly or by a guest ejection/NIR/re-encapsulation mechanism. To resolve this 

issue, free energies of activation for the combined hydrogen-bond breaking and NIR 

process inside of the chiral assembly were determined by the NMR coalescence 

method.31 If the energy for activation for guest exchange ("G  exch) calculated at 

coalescence temperature is greater than the free energy of activation measured for the 

coalescence process ("G  coal), then the NIR is occurring inside the host. If ("G  exch) is 

less than ("G  coal), then it is possible that the amine is ejected, undergoes NIR outside 

the host, and is re-encapsulated. For the diamines investigated Me2N(CH2)nNMe2, where 

n=1-6, ("G  exch) was greater than ("G  coal), conforming that NIR takes place inside 

the host.  

Infrared and Raman studies have been employed to probe the nature of Evans 

holes, which are negative absorptions that are a result of resonance repulsion. Evans 

demonstrated that when a sharp vibrational transition of low inherent intensity falls 
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within the energy range of a much broader and more intense transition, Fermi- resonance 

interaction may occur, which are defined as Evans holes.32 When a sharp feature is 

located sufficiently close to the center of a broad absorption band, a transmittance 

window may form at the frequency of that sharp band. The “missing” band intensity is 

then redistributed to both sides of the transmittance window. This type of a transmittance 

window has been detected for hydrogen-bonded systems which exhibit a broad vXH band . 

For the case of pyridine and dichloroacetic acid (Py-DCAA), kinematic coupling 

of the proton stretching coordinate with the pyridine ring coordinate leads to holes 

appearing near the frequencies of the ring modes.33 Fermi resonance involving XH 

stretching modes and some combination modes of the pyridine ring is the reason for the 

appearance of these holes. In the infrared spectrum of a 1:1 Py-DCAA complex in 

chloroform, there is a broad vXH band near 1400 cm-1, and there are two holes, at 1000 

cm-1 and 600 cm-1. Substitution with mono- or trichloroacetic acid alters the depth and 

width of these two holes, but their presence and position remain unchanged. 

Nonsubstituted acetic acid creates a weaker acid complex, making to difficult to see the 

holes as vXH shift to higher frequencies. The position of both holes is near the skeletal 

modes associated with pyridine moiety. Deuterated pyridine causes expected shifts to 

lower frequencies of skeletal modes, as well as shifting of the holes’ positions. This 

suggests a relationship between the interaction of the vXH and the Py moiety and the 

appearance of the holes.  

Predicted by theory, experimental validation of the LBHBs remains controversial, 

particularly since relevant model systems have yet to be unequivocally demonstrated to 
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illustrate these properties. The purpose of this thesis is to prepare and examine simple 

molecules that exhibit LBHBs.   
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This dissertation seeks to explore positive ions in which a proton bridges between 

two nitrogens within the same molecule, where both nitrogens have the same basicity. 

Chemically equivalent amino groups are necessary (but not sufficient) equal basicity, a 

necessary condition for equal sharing of the proton.1 N-methylation avoids NH hydrogen 

bonds to solvents and helps shield the nitrogens from solvents and counterions. Ideally, 

the structure should have the simplest possible carbon framework, such as an aliphatic 

chain. The NHN bond angle ought to be as close to linear as possible, so as to optimize 

conditions whereby a one-dimensional potential energy surface will provide a suitable 

picture of the antisymmetric stretching coordinate of the bridging proton. With a linear 

NHN angle, the vibrational Schrödinger equation is more easily solved, since a 

coordinate system that suits both the kinetic energy and the potential energy operators 

can be used. 

1,8-bis-dimethylaminonaphthalene, DMAN, (Figure 2.1) by Alder et al.2 is the 

parent molecule of a class of compounds known as proton sponges. The significant steric 

strain associated with loss of conjugation between the lone pair on the nitrogen and the 

aromatic # system due to the amine groups being in close proximity is relieved upon 

protonation, leading to a very stable ionic complex containing a short, strong hydrogen 

bond. As a consequence, proton sponges possess unusually high basic properties. Once 

protonated, the proton is located in a cavity which is formed by the four methyl groups.  

The parent molecule, DMAN, has been generally thought of as a symmetrical 

molecule with two identical halves. 13C and 1H MAS NMR studies done by Wozniak et 

al.3 prove that neutral DMAN is, in fact, asymmetric in the solid state. They assigned 13C 
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resonances by reference to solution spectra and to dipolar dephased and short-contact-

time spectra in the solid state. DMAN is a nearly planar molecule with two methyl groups 

located close to the plane of the naphthalene ring, and two methyl groups almost 

perpendicular to the plane of the ring. When an aromatic compound experiences a 

magnetic field, the #-electron ring produces a field opposing the applied field. As a result, 

nuclei in or above the aromatic ring have a lower shift, while those outside or in the plane 

of the ring have a larger shift. When taking the 13C NMR of DMAN, one would expect 

two resonances for the methyls, but four independent peaks were observed with chemical 

shifts of 45.1(in-plane), 44.2(in-plane), 41.8(out-of-plane), and 41.0(out-of-plane). The 

fact that all four methyl groups in neutral DMAN are unequal demonstrates that the 

molecule is unsymmetrical. 

Evidence indicates that the NHN bond of monoprotonated 1,8-bis-

dimethylaminonaphthalene in solution is also asymmetric.4 NMR studies of protonated 

1,8-bis-dimethylaminonaphthalene and its d0, d3, symmetrical and unsymmetrical d6, d9, 

and d12 isotopologs demonstrate that, in the equilibrium state, the bridging proton favors 

one nitrogen or the other, although it rapidly undergoes transit between them. Isotopic 

perturbation of equilibrium was employed as a technique to distinguish asymmetry by 

measuring the isotope shift, n"obs, which is defined as the difference in 13C chemical 

shifts of molecules with and without deuterium. If the CH3 group on nitrogen is replaced 

with CD3, the time-averaged 13C chemical shift is displaced. This perturbation shift can 

be estimated using: 

n"obs = D [(K – 1)/2(K + 1)]                      Equation 2.1 
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where D is the difference in chemical shifts of the protonated and unprotonated species. 

The equilibrium constant K for N,N-dimethylanilinium ion and its mono-CD3 isotopolog 

(Ka
H/Ka

D) is 1.105, and this value was used for comparison. The same kind of effect is 

expected for the unsymmetrical d6 analogue of protonated 1,8-bis-

dimethylaminonaphthalene. Isotopologs with the same number of CD3 groups on each 

nitrogen (d0, d12, and N,N’-d6) experience no isotopic shift, only a perturbation shift. In 

the region of the 13C spectrum where the ortho carbons appear is where this perturbation 

shift for the symmetrical versus the unsymmetrical d6 molecule is most apparent. If the 

isotope shifts are due solely to perturbation of equilibrium, then the result is a quintet. 

Quintets due to perturbation shifts can be distinguished from those due to intrinsic shifts, 

because in a quintet caused by perturbation isotope shifts, the central peak will be 

enhanced, whereas in a quintet caused by unequal intrinsic shifts, the peaks at the 

extremities will be enhances. Those isotopologs with symmetrically distributed deuteria 

(d0, d12, and N,N’-d6), appear at the center of the quintet. Isotopologs with asymmetrically 

deuterated methyl groups (d3, d9) experience a perturbation such that one signal of each is 

shifted upfield and the other downfield to an equal extent, producing two signals flanking 

the central one. The isotopolog having two deuterated methyl groups on the same 

nitrogen will be shifted doubly, appearing at the extremities of the quintet. Because the 

peaks at the extremities are enhanced, showing perturbation isotope shifts, protonated 

1,8-bis-dimethylaminonaphthalene must have an unsymmetrical NHN hydrogen bond. 

Also, the shift from the unsymmetrical d6 is much smaller than would be expected based 

on the K for N,N-dimethylanilinium ion, about a tenth of what should be expected. 
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Figure 2.1: A: 1,8-bis-dimethylaminonaphthalene HBr salt, B: 2,7-dibromo-1,8-
bis(dimethylamino)naphthalene HBr salt, C: 1,8-bis-(dimethylaminomethyl)naphthalene 
HClO4 salt 
 

Infrared studies have been conducted on a dibromo analogue, 2,7-dibromo-1,8-

bis(dimethylamino)naphthalene (Figure 2.1) to probe the stretch associated with the 

bridging proton.5 An intense band was found at 560 cm-1, which shifts upon deuteration 

to 340 cm-1, leading to an isotopic ratio vH/vD of 1.65, which is characteristic of an 

anharmonic potential for the proton motion. However, the transition state position of the 

proton deviates from linearity, forming an NHN bond angle around 162°. Molecules with 

an NHN bond angles that deviate from linearity have the motion of the proton coupled 

with the in-plane NH bending mode.  

Yet another analogue of DMAN was synthesized by Sawka-Dobrowolska et al.,6 

1,8-bis-(dimethylaminomethyl)naphthalene (Figure 2.1). This derivative has a methylene 

between each nitrogen and the naphthalene ring. This leads to an increased flexibility of 

the amine groups compared to the parent molecule, DMAN. The monoperchlorate salt 

was crystallized and the NN distance was measured by X-ray to be 2.675Å, and the NHN 

angle is equal to 167°. The proton bridge is markedly asymmetric, with the proton 
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localized on one nitrogen with an NH distance of 1.18Å. The hydrogen atom positions 

were determined solely by use of X-ray diffraction and Fourier difference synthesis 

technique. The distance between the carbons connecting the amine groups to the ring is 

3.116Å, considerably less than the sum of the van der Waals radii. The repulsion between 

the atoms is compensated by the strong NHN hydrogen bond. The perchlorate anion lies 

3.498Å away from the protonated nitrogen, and is thought to contribute to the asymmetry 

of the bridge. 

Another example of a proton bridged diamine is N,N,N’,N’-tetramethylputrescine 

(TMP) monotriflate, which was studied by a previous group member, Sepideh 

Yaghmaei.7 Yaghmaei made the monoprotonated triflate salt of the commercially 

available of TMP and had X-ray studies, solid state NMR studies, and vibrational 

spectroscopic studies performed on deuterated analogues that she synthesized.                                                                                                                                      

Yaghmaei synthesized completely deuterated TMP, and obtained a crystal of the 

monotriflate salt that was suitable for X-ray diffraction (Figure 2.2). The results obtained 

by X-ray gave the same internal NN distance as observed for the unlabeled analogue, 

2.66Å, with the oxygen of the triflate anion lying 4Å away from the nitrogen atom, 

indicating that a salt bridge does not occur. The molecular structure was much the same 

as for the undeuterated analogue, but the space groups were different. The deuterated 

compound belongs in space group P2(1)/c, and the undeuterated compound belongs in 

space group P-1. The NHN bond angle was determined to be 176° if the bridging proton 

is assumed to be at the midpoint. The hydrogen attached to the nitrogen was refined as a 

disordered atom, residing 63% on one nitrogen and 37% on the other nitrogen. This was 
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based on how much electron density was located near each nitrogen atom. In either case, 

the position of the triflate anion does not change; its off-center position guarantees that 

interpreting electron density of the hydrogen as disorder will give unequal proportions on 

the two nitrogens, regardless of whether the proton is in the middle.  

A riding model is often used for the correction of a bond distance when one atom 

is bound to a larger and heavier atom and experiences an additional displacement of large 

amplitude resulting from some internal mode.8 In this case, the hydrogen atom is said to 

be “riding” on the nitrogen atom. It is assumed that the “riding” atom has all the 

translational motion of the atom to which it is bonded.  

In X-ray diffraction studies, where the measure of internuclear distance is of 

interest, a determination is made of some time-averaged distance, r. This value may differ 

from the equilibrium distance corresponding to the minima on the potential energy 

surface of the molecule, re. In 1959, Ibers took into account the anharmonic nature of 

thermal oscillations of nuclei to explain the difference between r and re.9 He considers the 

bond M-H, assuming M is much heavier than H. If the hydrogen nucleus vibrates 

harmonically in the direction of the bond with frequency v, then the probability of finding 

it at the distance r from M is in the lowest vibrational state is  

P(r-re) = (!/")1/2 exp [-!(r-re)2]                                                          Equation 2.2 

where !, the harmonic oscillator function, is 

! = 4"2mvc/h.                                                                                      Equation 2.3 

Hence, the most probable position of the hydrogen nucleus is at r = re for the case 

of the harmonic oscillator (see Appendix 2.1).  
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If the hydrogen nucleus vibrates anharmonically in the direction of the bond, with 

anharmonic coefficient xe, then the distance in the lowest vibrational state is 

P(Z) = (2xe!)1/2 [#(xe
-1-1)]-1 e-Z Z(1-xe)/xe                                                                      Equation 2.4 

where  

  Z = xe
-1 exp [-(2xe!)1/2(r-re)].                    Equation 2.5 

The position of maximum probability for the hydrogen nucleus satisfies the 

condition  

exp [-(2xe!)1/2 (r-re)] = 1 –xe        Equation 2.6 

which for xe small, then 

r – re $ (xe/2!)1/2.                                                                                  Equation 2.7 

So, the position of the hydrogen nucleus, as seen by the X-ray as the area with 

maximum scattering density, would correspond to a distance r, rather than to a distance re. 

This means that diffraction studies done on anharmonic systems give a difference in the 

values for r and re. Typical values for ! and xe are about 80 Å-2 and 0.05, respectively. 

These values give differences of about 0.02 Å for the ground vibrational state.  

However, in the case of the short hydrogen bonds, the xe value is larger.9 Room 

temperature diffraction studies could not determine whether the observed elongation of 

the proton distribution along a triatomic linear system is due to the hydrogen residing in 

the two positions in a double well potential, or whether the disorder was due to a large 

anisotropy of thermal motion, so the thermal agitation was attributed to the zero-point 

motion of the proton.  
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Figure 2.2: X-ray structure of ,N,N’,N’-tetramethylputrescine monotriflate 

 

Because of low scattering cross-section of hydrogen, the exact position of the 

bridging atom is difficult to assess by use of X-ray diffraction alone. So, solid-state NMR 

studies were employed to determine the position of the proton: whether it resides 

preferentially on one nitrogen or lies equidistant between both nitrogens.  

Solid state NMR offers a way to measure NH distances directly by means of 

natural abundance 15N and NH heteronuclear dipolar couplings. These orientationally 

dependant interactions average out to zero in liquid state NMR studies, but in the solid 

state (where the geometry is locked into a position) dipolar coupling constants can be 

observed. Dipolar coupling between nuclei with spin % is directly related to the distance 

between them. The dipolar coupling constant was measured to be D15N-H=5250±90 Hz, 

which corresponds to an average NH distance of 1.324±0.008Å.7 This piece of 
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information, in addition to the data collected by X-ray, prove that the preferred location 

of the proton is equidistant from both nitrogens, rather than oscillating between them 

(which would have led to a larger value of D).  

In performing vibrational spectroscopy, Yaghmaei discovered that the triflate 

anion gave rise to interfering bands in Raman and Inelastic Neutron Scattering 

experiments. The ideal counterion would not have interfering bands and must lie far 

enough away from the nitrogens, so that it does not interact with the bridging proton.  

Higher homologues have been synthesized to explore the effect of ring size on 

intramolecular LBHBs. One homologue, N,N,N’,N’-tetramethylcadaverine (TMC), has 

one additional methylene group in the aliphatic chain. Efforts to synthesize a 

monoprotonated salt of TMC led not to a cyclized structure as predicted, but instead 

showed a head-to-tail orientation, forming an intermolecular strong hydrogen bond 

(Figure 2.3). X-ray results gives two equal NN distances of 2.75Å, and an NHN angle 

close to 171° for both amine groups.7 The triflate counterions lie >3.6Å away from the 

nitrogens, avoiding salt bridge formation. At present, it is unclear whether the proton lies 

midway between the nitrogens. 
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Figure 2.3: X-ray structure of N,N,N’,N’-tetramethylcadaverine monotriflate 

 

To encourage cyclization and to disrupt this tête-bêche geometry, two methyl 

groups were added on the center methylene. The addition of alkyl groups on acyclic 

chains with reactive ends encourages cyclization based on the combination of two similar 

factors: one being the Thorpe-Ingold Effect, and the second being the “Facilitated 

Transition” (or Reactive Rotamers) hypothesis. The gem-dimethyl effect has been widely 

used in organic chemistry to improve the efficiency of a variety of reactions, including 

olefin metathesis,10 intramolecular Diels-Alder,11 [2+2] photocyclization,12 and Claisen 

rearrangements.13 

In 1915, Beesley, Thorpe, and Ingold observed that substituting methylene 

hydrogens with more sterically demanding alkyl groups produced a compression of the 

internal angle, thus pushing reactive termini closer together, and facilitating cyclization.14 

A CH2 group has an internal angle of 115°, whereas a dimethyl substituted methylene has 
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an internal angle of 109.5°. This decrease in the internal angle is hypothesized to bring 

the two reacting ends of the molecule closer, increasing the rate of intramolecular 

cyclization.  

Another explanation of the rate enhancing effects of the dialkyl groups along the 

chain is attributed to a hypothesis known as the “Facilitated Transition”, which cites the 

lowering of the enthalpy of activation as being the dominating factor in rate enhancement. 

The “Facilitated Transition” hypothesis states that increased steric hindrance reduces the 

overall activation energy by facilitating rotation through the transition state.15 ""H  

becomes more negative going from two hydrogens on a carbon to one hydrogen and one 

methyl to two methyl groups. This trend illustrates the fact that there is a strong enthalpic 

basis for the gem-dimethyl effect. The observed rate increase is a result of the overall 

decrease in "H   of the reaction, which is due to lowering of the barriers to 

conformational rotation along the reaction coordinate (Scheme 2.1).16  

 

                   

Scheme 2.1: Energy diagram for cyclization in consideration of the reactive rotamer 
effect (Figure copied from ref. 17) 
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The reactive rotamer hypothesis, put forth in 1960 by Bruice and Pandit, claims 

that the dialkyl substituted substrate can more easily attain the required transition state for 

cyclization, compared to the unsubstituted substrate, and would, therefore, be expected to 

cyclize more readily.18 Although cyclization is facilitated by a higher population of the 

reactive rotamer, it is not a linear relationship.  

  

 

 

 

A    0 gauche                                 1 gauche 

 

 

 

            B     2 gauche                                  2 gauche  

Scheme 2.2: Gauche interactions encountered in cyclization for A: unsubstituted 
molecule, B: substituted molecule 
 
 
 

In 1991, Jung and Gervay devised a system that would allow one to distinguish 

the two possible reasons behind the gem-dimethyl effect, namely, angle compression and 

the reactive rotamer effect.19 The problem in attempting to examine each effect 

independently is that they are usually both present within the same molecule. Adding 

dimethyl on a methylene brings about angle compression and increased gauche 

interactions simultaneously. So, Jung and Gervay synthesized a molecule that had a 
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cyclobutyl ring in the chain. The ring creates an internal angle of 109.5°, identical to that 

of the dihydrogen compound. Although this molecule will not experience angle 

compression, it will still experience the reactive rotamer effect. By testing the rates of 

cyclization of dihydrogen, dimethyl, and cyclobutyl analogues of the compound, Jung 

and Gervay were able to make some conclusions as to which factors contribute most to 

the increased rate of cyclization: angle compression or reactive rotamers. If the rate of 

cyclization of the cyclobutyl and the dihydrogen analogues match, then angle 

compression is the more dominating factor. On the other hand, if the rate of cyclization of 

the cyclobutyl and the dimethyl analogues match, then the reactive rotamer effect is more 

dominant. Results show that the rate of cyclization of the cyclobutyl compound is more 

than 100 times that of the dihydrogen, clearly demonstrating that angle compression is 

not as important a factor in cyclizations as conformational effects, such as reactive 

rotamers. 

This thesis also seeks to explore positional effects of the gem-dimethyls on low   

barrier hydrogen bonds. The comparison will be between a symmetrical and an 

asymmetrically substituted aliphatic diamine with  dimethyls along the chain. Upon 

protonation, the linear molecules are expected to cyclize and the position of the proton 

probed, with anticipation that the asymmetric molecule will prefer to place the bridging 

proton on one nitrogen, whereas the symmetrical molecule will balance the proton 

between both nitrogens. The asymmetric molecule is also predicted to display an 

asymmetric potential energy surface corresponding to the protonic transfer, while the 

symmetric one will not.  
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Appendix 2.1 
 
Harmonic: 

P(r-re) = ()/#)1/2 exp[-)(r-re)2] 

!P/!r = ()/#)1/2 exp[)(r-re)2] !/!r[-)(r-re)2] 

()/#)1/2 exp[)(r-re)2] (-2)(r-re)) = 0 

exp[)(r-re)2] = 0 or (-2)(r-re)) = 0 

r = re 

Anharmonic: 

P(Z) = (2xe))1/2 [*(xe
-1-1)]-1e-Z Z(1-xe)/xe 

P(Z)/!r = !(e-Z)/!r * Z (1-xe)/xe + !(Z(1-xe)/xe)/!r * e-Z 

P(Z)/!r = - e-Z * (!Z/!r) * Z (1-xe)/xe + [(1-xe)/xe] * (Z [(1-xe)/xe)] -1) * (!Z/!r) * e-Z 

0 = - e-Z * (!Z/!r) [Z (1-xe)/xe - [(1-xe)/xe] * (Z [(1-xe)/xe)] -1)] 

0 = Z (1-xe)/xe - [(1-xe)/xe] * (Z [(1-xe)/xe)] -1) 

0 = Z(1-xe)/xe [1 – (1-xe)/xe * Z-1] 

0 = 1 – (1-xe)/xe * Z-1 

1 = (1-xe)/xe * Z-1 

1-xe = xe * Z 

Substitute : Z = xe
-1 exp[-(2xe))1/2 (r-re)] 

1-xe = xe * xe
-1 exp[-(2xe))1/2 (r-re)] 

1-xe = exp[-(2xe))1/2 (r-re)] 

ln(1-xe) = -(2xe))1/2 (r-re) 

As xe gets smaller, then r-re + xe/(2))1/2
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          The branched diamines synthesized for this study are new chemical entities. The 

gem-dimethyls within the chain are hypothesized to enhance cyclization based on the 

Thorpe-Ingold effect, which is discussed in Chapter 2. N1,N1,N5,N5,3,3-

hexamethylglutaramide (Compound 3.1) was prepared two ways. In one method, thionyl 

chloride reacted with 3,3-dimethylglutaric acid to give the acid chloride, which upon 

treatment with excess gaseous dimethylamine in ether yielded the diamide (Chart 3.1A). 

A second, more efficient synthesis uses phosphorous pentoxide and dimethylformamide 

(Chart 3.1B).1 This method avoids the intermediate acid chloride and has been proposed 

to operate via formation of an acyclic anhydride.  

 

 

Scheme 3.1: A: Synthesis of diamide via acid chloride, B: synthesis of diamide with 
phosphorous pentoxide, and C: reduction of diamide to diamine 
 
 
 
          N1,N1,N5,N5,3,3-Hexamethylpentane-1,5-diamine (Compound 3.2) was 

synthesized by lithium aluminum hydride reduction of the diamide (Chart 3.1C) and 
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purified by distillation at reduced pressure. X-ray structures were performed on the 

crystalline salts. NMR titrations of the diamine with trifluoromethylsulfonic acid show 

that 1H and 15N shifts of the monoprotonated conjugate acid ion lie downfield from the 

diprotonated ion.  

          The same procedures were followed for the synthesis of the unsymmetrical isomer, 

N1,N1,N5,N5,2,2-hexamethylglutaramide (Compound 3.3). Both reactions went in very 

poor yield, and the corresponding diamide was not purified but carried on to the next step. 

The conjugate acid ion of the diamine component of the impure product mixture from 

lithium aluminum hydride reduction was isolated by mass spectrometry for infrared 

multiple photon dissociation (IRMPD) studies.  

 

A. General 

          Stabilized, anhydrous 99.9% THF was purchased in AcroSeal glass bottles from 

Acros. Dimethylformamide, methanol, ethanol, pentane and ether used were from freshly 

opened bottles. Phosphorous pentoxide was purchased from Acros and kept sealed after 

opening. Aqueous hydroiodic acid was purchased from Acros and kept in the refrigerator 

after opening. Trifluoromethanesulfonic acid was purchased from Acros and kept in a 

seal tube in the refrigerator after opening. A 2M commercial solution of lithium 

aluminum hydride was purchased from Acros and kept in the refrigerator after opening. 

          300 MHz 1H NMR spectra were collected using an Inova 300; 41 MHz 15N NMR 

spectra were collected using a Bruker 400; 600 MHz 1H NMR and 151 MHz 13C NMR 

spectra were collected using a Bruker 600. Gated-decoupled 13C spectra were recorded 
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with the 1H decoupler turned on before 13C acquisition, and turned off during the recycle 

delay.  

          IR spectra of solids were recorded on Perkin Elmer Spectrum One FT-IR 

Spectrometer. Attenuated total reflection infrared (ATR-IR) was used for analysis. No 

sample preparation was necessary for ATR analysis. ATR-IR is based on the propagation 

of the infrared radiation through an internal reflection element (crystal) with a high 

refractive index, and its reflection at the interface between the crystal and the solid 

material.  

          Single-crystal X-ray crystallography was performed by Dr. Fook S. Tham at the 

University of California, Riverside. Bruker SHELXTL (version 6.14) software was used 

for phase determination and Bruker SAINT (version V7.06A) was used for frame 

integration. 

          Mass spectrometric data was collected on a HP 5989A GC/MS quadrupole 

instrument. Exact masses were recorded on a Waters GCT Premier ToF instrument using 

direct injection of samples in acetonitrile/water into the electrospray source.  

 

B. Synthesis:  

 

 

a. N1,N1,N5,N5,3,3-hexamethylglutaramide (Compound 3.1) 
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To avoid having to prepare the acid chloride, N,N,N’,N’-dimethylamides can be obtained 

directly from the corresponding free acid in dimethylformamide in the presence of P2O5. 

The phosphorus pentoxide helps to form an intermediate anhydride, which then continues 

to react with dimethylformamide, a more convenient replacement for gaseous 

dimethylamine.  Following the Schindlbauer procedure,1 5.00 g (0.031 mol) of 3,3-

dimethylglutaric acid and 4.41g (0.031 mol) P2O5 were dissolved in 250 mL 

dimethylformamide in a 500 mL round bottom flask equipped with a water condenser 

under a nitrogen blanket. Upon mixture, the solution heated up to 63°C. The reaction was 

then refluxed for 10 hours. After cooling the reaction to room temperature, a polymer of 

metaphosphoric acid formed a thick, viscous layer in the bottom of the flask. The 

dimethylamide was in the upper DMF layer, which was decanted off. DMF was removed 

by distillation under reduced pressure, leaving behind the diamide. The crude product 

was then further distilled under reduced pressure to give a clear oil (5.73 g, 86% yield), 

bp 56°C (4 Torr).  

1H NMR (300 MHz, CDCl3): ! 3.12 (s, 6H, N-CH3), ! 2.92 (s, 6H, N-CH3), ! 2.58 (s, 4H, 

CH2), ! 1.18 (s, 6H, CH3). 

ATR-IR: 2867 cm-1 (C-H), 1770 cm-1 (C=O), 1227 cm-1 (C-N), 1182 cm-1 (C-C). 

Mass Spectrum (70eV) m/z (relative intensity): 44 (29), 72 (100), 83 (60), 87 (28), 126 

(29), 128 (94), 142 (29), 154 (68), 169 (24), 170 (47). 

ESI-MS Exact Mass: MH+ 215.1775 found; 215.1754 calculated 
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b. N1,N1,N5,N5,3,3-hexamethylglutaramide (Compound 3.1) 

The acid chloride was prepared using 3,3-dimethylglutaric anhydride with thionyl 

chloride, 3,3-dimethylglutaric acid with thionyl chloride, 3,3-anhydride with phosphorous 

pentachloride, and 3,3-dimethylglutaric acid with phosphorous pentachloride.2 The most 

efficient reaction used 5.00 g (0.031 mol) of 3,3-dimethylglutaric acid and 25.82 g (0.217 

mol) purified SOCl2 in a 50 mL round bottom flask equipped with a water condenser. 

The reaction was refluxed for 4 hours, and 3.58 g (58% yield) of the acid chloride was 

distilled over under reduced pressure. bpLIT 74-76°C (2 Torr). The acid chloride was 

dissolved in ether and cooled in an ice bath. 4.93 g (0.110 mol) dimethylamine was 

bubbled into ether and the ethereal solution added dropwise to the acid chloride solution. 

The ammonium salts were filtered off and solvent removed under reduced pressure to 

give a clear oil. The crude product was then further distilled under reduced pressure to 

give a clear oil (3.33 g, 85% yield), bp 56°C (4 Torr).  

 

 

c. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diamine (Compound 3.2) 

An oven dried 100 mL three neck round bottom flask equipped with a water condenser 

and an addition funnel was charged with 15.2 mL (0.030 mol) of a 2 M solution of 
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LiAlH4 in THF, cooled in an ice bath, and stirred under nitrogen. A solution of 5.00 g 

(0.023 mol) of N1,N1,N5,N5,3,3-hexamethylglutaramide in 25 mL of dry THF was added 

dropwise to the stirred solution over 30 minutes at 0°C. The reaction mixture was 

refluxed for 24 hours, then allowed to cool to room temperature. The mixture was again 

cooled in an ice bath, and the excess LiAlH4 quenched by adding 1.15 mL of water, 1.15 

mL 15% aqueous NaOH, and another 3.46 mL of water. The aluminum salts were then 

filtered off and solvent was removed from the filtrate under reduced pressure, leaving 

behind 4.03 g yellow oil, which was distilled under vacuum (0.1 Torr) to yield 2.7 g 

(62%) of a clear oil, bp 43°C (0.1 Torr).  

1H NMR (300 MHz, CDCl3): ! 2.27 (t, 4H, N-CH2), ! 2.21 (s, 12H, N-CH3), ! 1.39 (t, 4H, 

C-CH2-C), ! 0.89 (s, 6H, CH3). 

13C NMR (151 MHz, CDCl3): ! 55.18 (N-CH2), ! 45.69 (N-CH3), ! 39.51 (C-CH2-C), ! 

27.47 (C-CH3). 

ATR-IR: 2944 cm-1 (C-H), 1261 cm-1 (C-N), 1012 cm-1 (C-C). 

Mass Spectrum (70eV) m/z (relative intensity): 58 (100), 84 (33), 98 (15), 112 (29), 126 

(17), 141 (31), 142 (27). 

ESI-MS Exact Mass: MH+ 187.2190 found; 187.2169 calculated 

 

 

d. N1,N1,N5,N5,2,2-hexamethylglutaramide (Compound 3.3) 
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5.00 g (0.031 mol) of 2,2-dimethylglutaric acid and 4.41g (0.031 mol) P2O5 were 

dissolved in 250 mL dimethylformamide in a 500 mL round bottom flask equipped with a 

water condenser and under nitrogen. Upon mixture, the solution heated up to 63°C. The 

reaction was then refluxed for 10 hours. After cooling the reaction to room temperature, 

two layers formed; the upper DMF layer was decanted off and distilled to remove solvent, 

leaving behind the diamide. The crude product was then distilled under reduced pressure 

as a clear oil (5.90 g crude yield). The product contained a mixture of the diamide and the 

half-amide/half-carboxylic acid. Distillation did not succeed in isolating the desired 

product.  

 

 

 

e. N1,N1,N5,N5,2,2-hexamethylpentanediamine (Compound 3.4) 

An oven dried 100 mL three neck round bottom flask equipped with a water condenser 

and addition funnel was charged with 15.2 mL (0.030 mol) 2 M solution of LiAlH4 in 

THF and stirred under nitrogen in an ice bath. 5.00 g (0.023 mol) of the crude mixture 

containing N1,N1,N5,N5,2,2-hexamethylglutaramide dissolved in 25 mL of dry THF was 

added dropwise to the stirred solution over 30 minutes at 0°C. The reaction mixture was 

then refluxed for 24 hours, and then allowed to cool to room temperature. The mixture 

was then cooled in an ice bath and excess LiAlH4 quenched by adding 1.15 mL of water, 
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1.15 mL 15% aqueous solution of NaOH, and another 3.46 mL of water. The aluminum 

salts were then filtered off and solvent removed from the filtrate, leaving behind 4.32 g 

yellow oil, which was distilled under vacuum (0.1 Torr) to yield 3.3 g of a clear oil. The 

final product contained a mixture of the half-alcohol/half-amine. Distillation did not 

succeed in isolating the desired diamine. The diamine was detected with ESI-MS. 

ESI-MS Exact Mass: MH+ 187.2182 found; 187.2169 calculated 

 

f. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium monotriflate salt (Compound 
3.5) 
 
0.56 g (0.004 mol) of neat triflic acid was slowly added to a stirred solution of 1.00 g 

(0.005 mol) N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diamine in 1.5 mL pentane chilled in 

an ice-salt bath. Precipitate immediately formed, and after filtration, 0.62 g light yellow 

solid was obtained.  

Proton gated 13C NMR (151 MHz CD3OD, delay time=60s): ! 24 (191.69C), 30 (90.49C), 

! 35 (222.87C) ! 42 (400.00C), ! 53 (202.385C), ! 118 (quartet, 122.46C). 

1H NMR (300 MHz, CD3OD): ! 2.52 (m, 115.76H, CH2), ! 2.40 (s, 300.00H, N-CH3), ! 

1.42 (m, 102.84H, CH2), ! 0.91 (s, 163.04H, C-CH3).  
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g. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium monotriflate crystal – 
Orthorhombic (Compound 3.6) 
 
0.10 g (0.198 mmol) N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium ditriflate 

(Compound 3.8, described below) and 0.037 g (0.192 mmol) of N1,N1,N5,N5,3,3-

hexamethylpentane-1,5-diamine were dissolved in 1.00 mL hot methanol in small vial. 

The vial was placed in a larger glass container filled with 0.50 mL pentane. The diffusion 

method was used to grow this crystal. Pentane vapors were allowed to diffuse into the 

methanol solution, and 6 weeks later, a small crystal appeared. The X-ray structure of this 

monoprotonated compound will be discussed at the end of this chapter. 

 

h. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium monotriflate crystal – 
Monoclinic (Compound 3.7) 
 
0.06 g (0.131 mmol) N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium ditriflate and 

0.04 g (0.199 mmol) of N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diamine were dissolved 

in 1.00 mL methanol in an NMR tube. The tube was cut down to 4 inches, and placed in a 

larger vial with 0.5 mL pentane. The diffusion method was used to grow this crystal. 

Pentane vapors were allowed to diffuse into the methanol solution, and 6 weeks later, a 

small crystal appeared. The X-ray structure of this monoprotonated compound will be 

discussed at the end of this chapter. 
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i. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium ditriflate salt (Compound 3.8) 

0.87 g (0.006 mol) of neat triflic acid was slowly added to a stirred solution of 1.00 g 

(0.005 mol) N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diamine in 1.50 mL pentane chilled 

in an ice-salt bath. Precipitate immediately formed, and after filtration, 1.04 g light 

yellow solid was obtained.  

Proton gated 13C NMR (151 MHz CD3OD, delay time=60s): ! 24 (186.65C), 30 

(102.33C), ! 34 (194.68) ! 41 (400.00C), ! 53 (196.25C), ! 118 (quartet, 220.91C). 

 

j. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium ditriflate crystal (Compound 3.9) 
 
In an attempt to make monotriflate crystals, 0.27 g (0.556 mmol) N1,N1,N5,N5,3,3-

hexamethylpentane-1,5-diaminium ditriflate and 0.10 g (0.538 mmol) of N1,N1,N5,N5,3,3-

hexamethylpentane-1,5-diamine were dissolved in 1.00 mL methanol in an NMR tube. 

The tube was cut down to 4 inches, and placed in a larger vial with 0.5 mL pentane. The 

diffusion method was used to grow this crystal. Pentane vapors were allowed to diffuse 

into the methanol solution, and 6 weeks later, a small crystal appeared. The X-ray 

structure of this diprotonated compound will be discussed at the end of this chapter.  
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N N N N

1 eq. HBr(aq)

Pentane

H H
I I  

k. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium diiodide salt (Compound 3.10) 

In an attempt to make monoiodide crystals, 0.34 g (0.002 mol) of 57% chilled hydroiodic 

acid was slowly added to a vial of a stirring solution of 0.28 g (0.002 mol) 

N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diamine in 1.00 mL pentane in an ice-salt bath. 

Precipitate immediately formed, and after filtration, 0.27 g white solid was obtained. 

Gravimetric analysis assessed the salts to be diprotonated.  

 

l.  N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium diiodide crystal (Compound 
3.11) 
 
0.09 g (0.197 mmol) N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium diiodide and 

0.07 g (0.392 mmol) of N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diamine were dissolved 

in 1.00 mL methanol in a 3 mL vial. The vial was heated until all the salts dissolved, then 

the vial was left open to atmosphere. Two days later, a white crystal appeared. The X-ray 

structure of this compound will be discussed at the end of this chapter.  

 

m.  N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium monotriflate monochloride 
crystal (Compound 3.12) 
 
0.15 g (0.247 mmol) N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium ditriflate and 

0.058 g (0.279 mmol) of N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diamine were dissolved 

in 1.00 mL dichloromethane in a small vial. The vial was placed in a larger vial with 0.50 
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mL pentane. The diffusion method was used to grow this crystal. Pentane vapors were 

allowed to diffuse into the dichloromethane solution, and 2 weeks later, a small crystal 

appeared. The X-ray structure of this diprotonated compound will be discussed at the end 

of this chapter 

 

C. X-ray Diffraction Studies 

1. Methods:  

a. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium monotriflate crystal – 
Orthorhombic (Compound 3.6) 
 
 A colorless needle fragment (0.28 x 0.09 x 0.07 mm3) was used for the single 

crystal x-ray diffraction study of [C11H26N2H]+[CF3SO3]- (sample tm12r_0m). The crystal 

was coated with perfluoropolyethers (PFPE) oil and mounted on to a cryo-loop glass 

fiber. X-ray intensity data were collected at 100(2) K on a Bruker APEX23 platform-CCD 

x-ray diffractometer system (Mo-radiation, ! = 0.71073 Å, 50KV/40mA power). The 

CCD detector was placed at a distance of 5.0375 cm from the crystal. A total of 3600 

frames were collected for a sphere of reflections (with scan width of 0.3o in ", starting " 

and 2# angles at –30o, and $ angles of 0o, 90o, 120o, 180o, 240o, and 270o for every 600 

frames, 30 sec/frame exposure time). The frames were integrated using the Bruker 

SAINT software package (version V7.23A)4 and using a narrow-frame integration 

algorithm. Based on an orthorhombic crystal system, the integrated frames yielded a total 

of 77120 reflections at a maximum 2# angle of 60.06o (0.71 Å resolution), of which 5256 

were independent reflections (Rint = 0.0401, Rsig = 0.0160, redundancy = 14.7, 
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completeness = 100%) and 4161 (79.2%) reflections were greater than 2%(I). The unit 

cell parameters were, a = 24.9805(8) Å, b = 9.8107(3) Å, c = 13.9203(5) Å, &  = '  = (  = 

90o, V = 3411.53(19) Å3, Z = 8, calculated density Dc = 1.310 g/cm3. Absorption 

corrections were applied (absorption coefficient µ = 0.229 mm-1
; max/min transmission = 

0.9846/0.9388) to the raw intensity data using the SADABS program.4 The distribution of 

intensities (E2-1 = 0.964) and systematic absent reflections indicated two possible space 

groups, Pna2(1) and Pnma. The space group Pnma (#62) was later determined to be 

correct. Direct methods of phase determination followed by two Fourier cycles of 

refinement led to an electron density map from which most of the non-hydrogen atoms 

were identified in the asymmetry unit of the unit cell. With subsequent isotropic 

refinement, all of the non-hydrogen atoms were identified. There were a total of one 

disordered-cation of [C11H26N2H]+ and total of one anion of [CF3SO3]- present in the 

asymmetry unit of the unit cell. The cations were modeled with 50%/50% disordered site 

occupancy factor. Both the cations and anions were located on a mirror plane 

perpendicular to the b-axis. Atomic coordinates, isotropic and anisotropic displacement 

parameters of all the non-hydrogen atoms were refined by means of a full matrix least-

squares procedure on F2. The H-atoms not involved in intra-molecular hydrogen bonding 

were included in the refinement in calculated positions riding on the atoms to which they 

were attached. The refinement converged at R1 = 0.0353, wR2 = 0.0875, with intensity, 

I>2%(I). The largest peak/hole in the final difference map was 0.418/-0.311 e/Å3. 
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b. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium monotriflate crystal – 
Monoclinic (Compound 3.7) 
 
 A colorless needle fragment (0.31 x 0.12 x 0.09 mm3) was used for the single 

crystal x-ray diffraction study of [C11H26N2H]+[CF3SO3]- (sample tm16r_0m). The crystal 

was coated with perfluoropolyethers (PFPE) oil and mounted on to a cryo-loop glass 

fiber. X-ray intensity data were collected at 100(2) K on a Bruker APEX23 platform-CCD 

x-ray diffractometer system (Mo-radiation, ! = 0.71073 Å, 50KV/40mA power). The 

CCD detector was placed at a distance of 5.0375 cm from the crystal. A total of 3600 

frames were collected for a sphere of reflections (with scan width of 0.3o in ", starting " 

and 2# angles at –30o, and $ angles of 0o, 90o, 120o, 180o, 240o, and 270o for every 600 

frames, 30 sec/frame exposure time). The frames were integrated using the Bruker 

SAINT software package (version V7.23A)5 and using a narrow-frame integration 

algorithm. Direct methods of phase determination followed by two Fourier cycles of 

refinement led to an electron density map from which most of the non-hydrogen atoms 

were identified in the asymmetry unit of the unit cell. With subsequent isotropic 

refinement, all of the non-hydrogen atoms were identified. There were a total of one 

disordered-cation of [C11H26N2H]+ and total of one anion of [CF3SO3]- present in the 

asymmetry unit of the unit cell. There is ambiguity in the assignment of the space group 

of this crystal, and cannot be determined.  

 

c. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium ditriflate crystal (Compound 3.9) 
 
          A colorless fragment of a prism (0.55 x 0.50 x 0.30 mm3) was used for the single 

crystal x-ray diffraction study of [C11H28N2]2+[CF3SO3
-]2 (sample tm9_0m). The crystal 
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was coated with perfluoropolyethers (PFPE) oil and mounted on to a glass fiber. X-ray 

intensity data were collected at 100(2) K on a Bruker APEX23 platform-CCD x-ray 

diffractometer system (Mo-radiation, ! = 0.71073 Å, 50KV/40mA power). The CCD 

detector was placed at a distance of 5.0500 cm from the crystal. A total of 2400 frames 

were collected for a hemisphere of reflections (with scan width of 0.3o in ", starting " 

and 2# angles at –30o, and $ angles of 0o, 90o, 180o, and 270o for every 600 frames, 10 

sec/frame exposure time). Based on a monoclinic crystal system, the integrated frames 

yielded a total of 16491 reflections at a maximum 2# angle of 60.98o (0.70 Å resolution), 

of which 3346 were independent reflections (Rint = 0.0176, Rsig = 0.0127, redundancy = 

4.9, completeness = 99.7%) and 3209 (95.9%) reflections were greater than 2%(I). 

Absorption corrections were applied (absorption coefficient µ = 0.325 mm-1
; max/min 

transmission = 0.9080/0.8428) to the raw intensity data using the SADABS program.4 

The distribution of intensities (E2-1 = 0.929) and systematic absent reflections indicated 

two possible space groups, C2/c and C/c. The space group C2/c was later determined to 

be correct. Direct methods of phase determination followed by two Fourier cycles of 

refinement led to an electron density map from which most of the non-hydrogen atoms 

were identified in the asymmetry unit of the unit cell. With subsequent isotropic 

refinement, all of the non-hydrogen atoms were identified. There is half a cation of 

[C11H28N2]2+, and one anion of CF3SO3
- present in the asymmetry unit of the unit cell. 

The cation was located on a two-fold rotation axis parallel to the b-axis.  
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d. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium diiodide crystal (Compound 
3.11) 
 
          A colorless prism fragment (0.54 x 0.14 x 0.06 mm3) was used for the single 

crystal x-ray diffraction study of [C11H28N2]2+[I]2
- (sample tm14_0m). The crystal was 

coated with paratone oil and mounted on to a cryo-loop glass fiber. X-ray intensity data 

were collected at 100(2) K on a Bruker APEX23 platform-CCD x-ray diffractometer 

system (Mo-radiation, ! = 0.71073 Å, 50KV/40mA power). The CCD detector was 

placed at a distance of 5.0350 cm from the crystal. A total of 2400 frames were collected 

for a hemisphere of reflections (with scan width of 0.3o in ", starting " and 2# angles at –

30o, and $ angles of 0o, 90o, 180o, and 270o for every 600 frames, 30 sec/frame exposure 

time). Based on a monoclinic crystal system, the integrated frames yielded a total of 

25165 reflections at a maximum 2# angle of 59.14o (0.72Å resolution), of which 4886 

were independent reflections (Rint = 0.0213, Rsig = 0.0160, redundancy = 5.2, 

completeness = 99.5%) and 4475 (91.6%) reflections were greater than 2%(I). Absorption 

corrections were applied (absorption coefficient µ = 3.580 mm-1
; max/min transmission = 

0.8139/0.2494) to the raw intensity data using the SADABS program.4 The distribution 

of intensities (E2-1 = 0.862) and systematic absent reflections indicated one possible 

space group, P2(1)/c. The space group P2(1)/c (#14) was later determined to be correct. 

Direct methods of phase determination followed by two Fourier cycles of refinement led 

to an electron density map from which most of the non-hydrogen atoms were identified in 

the asymmetry unit of the unit cell. With subsequent isotropic refinement, all of the non-

hydrogen atoms were identified. 
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e. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium monotriflate monochloride 
crystal (Compound 3.12) 
 

A colorless prism fragment (0.36 x 0.25 x 0.20 mm3) was used for the single 

crystal x-ray diffraction study of [C11H26N2H2]2+[Cl]-[CF3SO3]- (sample tm6_0m). The 

crystal was coated with paratone oil and mounted on to a cryo-loop glass fiber. X-ray 

intensity data were collected at 100(2) K on a Bruker APEX23 platform-CCD x-ray 

diffractometer system (Mo-radiation, ! = 0.71073 Å, 50KV/40mA power). The CCD 

detector was placed at a distance of 5.0350 cm from the crystal. A total of 1800 frames 

were collected for a hemisphere of reflections (with scan width of 0.3o in ", starting " 

and 2# angles at –30o, and $ angles of 90o, 180o, and 270o for every 600 frames, 20 

sec/frame exposure time). The frames were integrated using the Bruker SAINT software 

package5 and using a narrow-frame integration algorithm. Based on a monoclinic crystal 

system, the integrated frames yielded a total of 20514 reflections at a maximum 2# angle 

of 56.56o (0.75 Å resolution), of which 4610 were independent reflections (Rint = 0.0340, 

Rsig = 0.0268, redundancy = 4.4, completeness = 100%) and 3645 (79.1%) reflections 

were greater than 2%(I). The unit cell parameters were, a = 8.5410(5) Å, b = 19.4314(10) 

Å, c = 11.2151(6) Å, '  = 90.583(1)o, V = 1861.20(18) Å3, Z = 4, calculated density Dc = 

1.331 g/cm3. Absorption corrections were applied (absorption coefficient µ = 0.356 mm-1
; 

max/min transmission = 0.9306/0.8834) to the raw intensity data using the SADABS 

program.4 The distribution of intensities (E2-1 = 0.976) and systematic absent reflections 

indicated one possible space group, P2(1)/c. The space group P2(1)/c (#14) was later 

determined to be correct. Direct methods of phase determination followed by two Fourier 
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cycles of refinement led to an electron density map from which most of the non-hydrogen 

atoms were identified in the asymmetry unit of the unit cell. With subsequent isotropic 

refinement, all of the non-hydrogen atoms were identified. Atomic coordinates, isotropic 

and anisotropic displacement parameters of all the non-hydrogen atoms were refined by 

means of a full matrix least-squares procedure on F2. The H-atoms were included in the 

refinement in calculated positions riding on the atoms to which they were attached, 

except the H-atoms involved in intermolecular hydrogen bonding, which were refined 

unrestrained. The refinement converged at R1 = 0.0329, wR2 = 0.0876, with intensity 

I>2% (I). The largest peak/hole in the final difference map was 0.413/-0.293 e/Å3. 

 

     2.  Results: 

The following results are taken from the reports provided by Dr.Fook Tham of UCR’s 

Analytical Chemistry Instrumentation Facility (ACIF). 

a. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium monotriflate crystal – 
Orthorhombic (Compound 3.6) 
 
          There is one [C11H28N2]2+ cation and one CF3SO3

- anion present in the asymmetry 

unit of the unit cell. The X-ray structure shows a cyclized molecule with an NN distance 

of 2.74 Å and 2.68 Å (Figure 3.1). The oxygen atoms lie 4.26 Å away from the nitrogens. 

The NHN angle is 177°. The unit cells are not packed in an orderly manner and a figure 

of the unit cell packing could not be generated. The estimated NHN hydrogen bonds 

angles and distances are given in Table 3.1. There are 8 N1,N1,N5,N5,3,3-

hexamethylpentane-1,5-diaminium cations and 8 triflate anions present in the unit cell 



 

62 

(Figure 3.2). The bond distances, bond angles, and dihedral angles of N1,N1,N5,N5,3,3-

hexamethylpentane-1,5-diaminium monotriflate are given in Appendix 3.1. 

 

Table 3.1: Hydrogen bonds for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium 
monotriflate (Å and degrees). Symmetry transformations used to generate equivalent 
atoms:  #1 -x+1,y,-z+1/2    #2 -x+1/2,-y+3/2,-z. The numbers in the parenthesis represent 
the standard deviation. 
_______________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
_______________________________________________________________________ 
 N(1")-H(1")...N(2") 1.012(18) 1.746(17) 2.751(2) 172(5) 
 N(1')-H(1')...N(2') 1.042(16) 1.654(17) 2.693(3) 175(5) 
_______________________________________________________________________ 
 

 

 

                                       

Figure 3.1: X-ray structure of N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium 
monotriflate – orthorhombic 
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Figure 3.2: The unit cell of N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium 
monotriflate – orthorhombic 
 
 
b. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium monotriflate crystal – 
Monoclinic (Compound 3.7) 
 
          There is one [C11H28N2]2+ cation and one CF3SO3

- anion present in the asymmetry 

unit of the unit cell. The X-ray structure shows a cyclized molecule with an NN distance 

of 2.70 Å and 2.68 Å (Figure 3.3). The oxygen atoms lie 4.06 Å away from the nitrogens. 

The NHN angle is 176°. The unit cells are not packed in an orderly manner and a figure 

of the unit cell packing could not be generated. 
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Figure 3.3: X-ray structure of N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium 
monotriflate - monoclinic 
 
 
 
c. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium ditriflate crystal (Compound 3.9) 
  

     Although an attempt was made to crystallize the monotriflate crystal from a mixture of 

the ditriflate salts with excess neutral amine in pentane, the solubility difference between 

the monoprotonated and the diprotonated crystals was so great that even when 

stoichiometry favors the monoprotonated salt, the diprotonated crystals crystallize first.       

 There is half of the [C11H28N2]2+ dication and one CF3SO3
- anion present in the 

asymmetry unit of the unit cell. The cation is located on a two-fold rotation axis parallel 

to the b-axis. The X-ray structure shows NN distance of 6.24 Å (Figure 3.4). The triflate 

counterions lie on the opposite sides of the nitrogens, with the triflate oxygens 4.053 Å 

away from the nitrogens. The molecule is not perfectly linear, instead, it curves down at 

the ends, and each nitrogen is bound to a proton. There are 4 N1,N1,N5,N5,3,3-

hexamethylpentane-1,5-diaminium ditriflates present in the unit cell (Figure 3.5). The 
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estimated NHN hydrogen bonds angles and distances are given in Table 3.2. The bond 

distances, bond angles, and dihedral angles of N1,N1,N5,N5,3,3-hexamethylpentane-1,5-

diaminium ditriflate are given in Appendix 3.2. 

 

Table 3.2: Hydrogen bonds for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium 
ditriflate (Å and degrees). Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,-z+1/2    #2 -x+1/2,-y+3/2,-z. The numbers in the parenthesis represent the 
standard deviation. 
_______________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
_______________________________________________________________________ 
 N(1')-H(1')...O(3)#2 0.895(14) 2.055(14) 2.9450(10) 172.9(13) 
 
 
 
 
 
 
 

                              

Figure 3.4: X-ray structure of N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium 
ditriflate 
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Figure 3.5: The unit cell of N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium ditriflate 
 
 
 
d. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium diiodide crystal (Compound 
3.11) 
       
 The attempt was made to crystallize the monoiodide crystal from a mixture of the 

diiodide salts with an excess of neutral amine in pentane, the solubility difference 

between the monoprotonated and the diprotonated crystals made it so that the 

diprotonated crystallized preferentially. 

 There is one [C11H28N2]2+ cation and two [I]- anions present in the asymmetry unit of 

the unit cell. The X-ray structure shows a completely linear molecule with an NN 

distance of 6.817 Å (Figure 3.6). The iodide atoms lie 3.448 Å and 3.458 Å away from 

the nitrogens. There are 4 N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium diiodides 

present in the unit cell (Figure 3.7). The estimated NHN hydrogen bonds angles and 
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distances are given in Table 3.3. The bond distances, bond angles, and dihedral angles of 

N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium diiodide are given in Appendix 3.3. 

 

 

Table 3.3: Hydrogen bonds for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium 
diiodide (Å and degrees). The numbers in the parenthesis represent the standard deviation. 
_______________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
_______________________________________________________________________  
 N(2)-H(2D)...I(2) 0.93 2.54 3.458(3) 169.8 
 N(1)-H(1D)...I(1) 0.93 2.52 3.448(3) 176.6 
_______________________________________________________________________  
 
 
 
 
 

                              

Figure 3.6: X-ray structure of N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium 
diiodide 
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Figure 3.7: The unit cell of N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium diiodide 

 

e. N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium monotriflate monochloride 
crystal (Compound 3.12) 
 
          There was one cation of [C11H26N2H2]2+, one anion of [Cl]- and one anion of 

[CF3SO3]- present in the asymmetry unit of the unit cell. The CF3SO3
- anion was modeled 

with disorder (disordered site occupancy factor ratio was 56%/44%). There are chloride 

anions present in the crystals because dichloromethane was used as the crystallizing 

solvent, chloride anions crystallized with the diamine and the triflic acid. The X-ray 

structure shows a nearly linear molecule with an NN distance of 6.453 Å (Figure 3.8). 

There are 4 N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium cations, 4 triflate anions, 

and 4 chloride anions present in the unit cell (Figure 3.9). The estimated NHN hydrogen 

bonds angles and distances are given in Table 3.4. The bond distances, bond angles, and 
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dihedral angles of N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium monotriflate 

monochloride are given in Appendix 3.4. 

 

Table 3.4: Hydrogen bonds for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium 
monotriflate monochloride (Å and degrees). The numbers in the parenthesis represent the 
standard deviation. 
________________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________ 
 N(2)-H(2)...Cl(1) 0.877(16) 2.188(16) 3.0591(12) 172.2(14) 
 N(1)-H(1)...Cl(1)#1 0.905(16) 2.187(16) 3.0823(12) 170.3(13) 
________________________________________________________________________ 
 
 
 
 
 
 
 

                                 
 
Figure 3.8: X-ray structure of N1,N1,N5,N5,3,3-hexamethylpentane-1,5- diaminium 
monotriflate monochloride crystal 
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Figure 3.9: The unit cell of N1,N1,N5,N5,3,3-hexamethylpentane-1,5- diaminium 
monotriflate monochloride 
 

 

D. NMR Studies 

 One of the characteristics of a strong hydrogen bond is a highly deshielded proton 

resonance in the NMR spectrum. A biological example of a strong hydrogen bond is the 

catalytic triad in subtilisin Carlsberg, which consists of Ser221, His64, and Asp32.6 The 

nitrogen on the imidazole ring on His64 forms a strong hydrogen bond with the 

carboxylate group on Asp32. The other nitrogen on the imidazole forms a regular 

hydrogen bind to the hydroxyl group on Ser221. 
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Figure 3.10: Catalytic triad in subtilisin Carlsberg  
 

 For small molecules in organic solvents, the imidazole NH proton falls in the 

range of 7-12 ppm.7 However, the proton on His64 in subtilisin Carlsberg was measured 

to be 15.0 ppm, presumably due to the strong hydrogen bond it forms with Asp32.6 This 

downfield perturbation is common for molecules possessing strong hydrogen bonds.  

 As noted in Chapter 1, Fuhrmann et al. refuted the occurrence of a LBHB as the 

main stabilization factor in the catalytic triad in chymotrypsin.8 Instead, they attribute the 

stabilization of the transition states in the mechanism of the catalytic triad is a collection 

of many short hydrogen bonds, electrostatic interactions, and van der Waals interactions.  

 In an ordinary hydrogen bond, the hydrogen atom is located on one heavy atom or 

the other, and there is an energy barrier for the transit of the proton to the other atom. By 

contrast, in a low barrier hydrogen bond, the energy barrier for transit is less than the zero 

point energy. Therefore, the proton is free to move from one heavy atom to the other, and 

its wavefunction predicts that the most probable position for the proton is nearly 

equidistant from both heavy atoms. Therefore, the length of a hydrogen bond in a low 

barrier hydrogen bond is longer than that in an ordinary hydrogen bond. This lengthening 

results in a more downfield shift of the proton signal in NMR. A peak in the 16-20 ppm 

range is commonly ascribed to a proton participating in a low barrier hydrogen bond.  
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 The synthesized diamine N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diamine, 

33HMC, was dissolved in deuterated nitromethane and its 1H NMR collected on a 400 

MHz Bruker instrument. Low barrier hydrogen bonds do not survive in protic or very 

polar solvents, therefore nitromethane was chosen as the solvent.  

Trifluoromethanesulfonic acid (HOTf) was added successively and the proton 

NMR was recorded after every 0.2 equivalent addition. The spectra are shown in Figure 

3.11.  

                                    
Figure 3.11: 400 MHz 1H NMR spectra of 33HMC in deuterated nitromethane with 
successive additions of trifluoromethanesulfonic acid 
 
 
 
 After the first addition of 0.2 equivalent of HOTf, a small peak appears at 7.55 

ppm. After the second addition, the peak integral increases slightly and moves more 

downfield to 8.45 ppm. We surmise that this corresponds to a intermolecular strong 

hydrogen bond between two molecules of 33HMC. After 0.6 equivalents of HOTf, the 
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peak continues to increase in size (due to the additional protons from the added acid) and 

marches downfield to 8.60 ppm. At this point, the signal is presumed to arise from a 

mixture of intermolecularly hydrogen bonded 33HMC molecules and intramolecularly 

hydrogen bonded 33HMC. Finally, after 0.8 equivalents of HOTf added to 33HMC in 

deuterated nitromethane, the peak is at its most downfield position at 8.60 ppm. Further 

addition of HOTf leads to an equilibrium between the monoprotonated and the 

diprotonated species, and the peak at 8.15 ppm corresponds to the fully diprotonated 

33HMC in deuterated nitromethane. From the data, we can conclude that, at 0.8 

equivalents of HOTf, the greatest proportion of 33HMC is monoprotonated. It is not easy 

to assess the relative concentrations of the , 4 species - unprotonated, intermolecularly 

hydrogen bonded, intramolecularly hydrogen bonded, and diprotonated - present at any 

HOTf concentration, but the bimodal behavior of the chemical shift indicates that the 

internally hydrogen bonded ion is deshielded relative to diprotonated 33HMC.  

Figure 3.12 graphs the peak integral versus equivalents of HOTf added to 

33HMC. The slope of the line is almost 1 until the fourth addition (0.8 equivalents), 

where the slope decreases. After the fifth addition, the slope is much greater than one, 

and the slope remains , 1 until 1.4 equivalents of HOTf have been added.  
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Figure 3.12: Graph of peak intergal (y-axis) versus equivalents of HOTf added to 
33HMC (x-axis) 
 
 
 

This 1H NMR study was tried with (CH3)2NCH2CH2CH2CH2CH2N(CH3)2 and 

(CH3)2NCH2CH2CH2CH2N(CH3)2, as well, but the intramolecularly bound proton 

exchanged too quickly with the deuteria in the solvent. As H and D rapidly exchanged, 

the proton showed up in the solvent peak, not that of the solute.  

The 15N NMR of neutral 33HMC, monoprotonated 33HMC, and diprotonated 

33HMC were also collected on a Bruker 400 operating at 41 MHz. Those spectra are 

superimposed and shown in Figure 3.13. The neutral sample has no HOTf added, the 

monoprotonated sample has 0.8 equivalents HOTf added, and the diprotonated has >1.4 

equivalents HOTf added 33HMC dissolved in deuterated nitromethane.  

                     



 

75 

                                  
Figure 3.13: 41 MHz 15N NMR spectra of A: monoprotonated 33HMC, B: diprotonated 
33HMC, and C: neutral 33HMC in deuterated nitromethane 
 
 
 

Neutral 33HMC (Figure 3.13C) in deuterated nitromethane has a 15N chemical 

shift of 26.48 ppm. Diprotonated 33HMC (Figure 3.13B) has a chemical shift of 30.29 

ppm. The mixture containing the greatest proportion of monoprotonated 33HMC (Figure 

3.13A) has a chemical shift of 33.74. Again, the sample with 0.8 equivalents of HOTf is 

more downfield than the neutral and diprotonated peaks. This signifies that 

monoprotonated 33HMC possesses an intramolecular hydrogen bond, perhaps a LBHB.  

 This same 15N NMR study was tried with (CH3)2NCH2CH2CH2CH2CH2N(CH3)2 

and (CH3)2NCH2CH2CH2CH2N(CH3)2, but, as in the aforementioned proton NMR 

experiment, the intramolecularly bound proton exchanged too quickly with solvent. 

Because the deuterium would be expected to couple with the 15N despite proton noise 

decoupling, the 15N resonance would be a triplet, possibly broadened further by the 
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electric quadrupole moment of the deuterium nucleus, greatly reducing the signal-to-

noise of the 15N resonance. In any event, the 15N peaks were not visible in these cases. 

The gem-dimethyls on 33HMC introduce steric hindrance, preventing the bridging proton 

from exchanging very rapidly with solvent, making the collection of 15N NMR possible. 
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Appendix 3.1 
 

The following results are taken from the reports provided by Dr.Fook Tham of UCR’s 
Analytical Chemistry Instrumentation Facility (ACIF). 
 
Table 3.5: Crystal data and structure refinement for N1,N1,N5,N5,3,3-hexamethylpentane-
1,5-diaminium monotriflate – orthorhombic 
________________________________________________________________________ 
Identification code  tm12r_0m 
Empirical formula  C12 H27 F3 N2 O3 S 
Formula weight  336.42 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pnma 
Unit cell dimensions a = 24.9805(8) Å a= 90°. 
 b = 9.8107(3) Å b= 90°. 
 c = 13.9203(5) Å g = 90°. 
Volume 3411.53(19) Å3 
Z 8 
Density (calculated) 1.310 Mg/m3 
Absorption coefficient 0.229 mm-1 
F(000) 1440 
Crystal size 0.28 x 0.09 x 0.07 mm3 
Theta range for data collection 1.63 to 30.03°. 
Index ranges -35<=h<=35, -13<=k<=13, -19<=l<=19 
Reflections collected 77120 
Independent reflections 5256 [R(int) = 0.0401] 
Completeness to theta = 30.03° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9846 and 0.9388 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5256 / 301 / 337 
Goodness-of-fit on F2 1.062 
Final R indices [I>2sigma(I)] R1 = 0.0353, wR2 = 0.0875 
R indices (all data) R1 = 0.0510, wR2 = 0.0988 
Largest diff. peak and hole 0.418 and -0.311 e.Å-3 
________________________________________________________________________ 
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Table 3.6: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium monotriflate – 
orthorhombic. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________ 
C(1") 3935(4) 1287(9) 4344(4) 29(1) 
C(2") 3972(4) 3758(9) 4566(4) 26(1) 
N(1") 4108(1) 2606(8) 3917(1) 22(1) 
C(3") 3875(1) 2807(2) 2938(1) 28(1) 
C(4") 4102(1) 1871(2) 2165(2) 30(1) 
C(5") 4517(1) 2493(4) 1476(1) 31(1) 
C(6") 5007(1) 3073(3) 2009(2) 33(1) 
C(7") 5306(1) 2094(2) 2670(1) 33(1) 
N(2") 5196(1) 2306(4) 3699(1) 23(1) 
C(8") 5445(3) 3575(6) 4037(3) 34(1) 
C(9") 5405(2) 1149(6) 4256(3) 29(1) 
C(10") 4688(1) 1364(3) 778(2) 45(1) 
C(11") 4270(1) 3663(3) 894(2) 36(1) 
C(1') 1789(5) 1342(11) 7320(5) 26(1) 
C(2') 1825(5) 3818(11) 7137(5) 30(1) 
N(1') 1977(1) 2642(8) 7754(1) 19(1) 
C(3') 1768(1) 2816(2) 8750(1) 25(1) 
C(4') 2028(1) 1873(2) 9489(2) 25(1) 
C(5') 2459(1) 2518(4) 10137(1) 23(1) 
C(6') 2921(1) 3156(2) 9552(2) 24(1) 
C(7') 3214(1) 2221(2) 8852(1) 26(1) 
N(2') 3050(1) 2403(8) 7838(1) 22(1) 
C(8') 3235(5) 1252(10) 7246(4) 26(1) 
C(9') 3261(5) 3692(11) 7449(5) 33(1) 
C(10') 2211(1) 3638(2) 10764(2) 32(1) 
C(11') 2672(1) 1396(2) 10805(2) 30(1) 
C(1) 1697(1) 2500 4119(2) 45(1) 
F(1) 1489(1) 1412(1) 4543(1) 73(1) 
F(2) 1533(1) 2500 3218(2) 104(1) 
S(1) 2420(1) 2500 4174(1) 23(1) 
O(1) 2567(1) 1267(1) 3684(1) 40(1) 
O(2) 2531(1) 2500 5184(1) 44(1) 
C(2) 4943(1) 2500 8156(1) 38(1) 
F(4) 4648(1) 1412(1) 8358(1) 52(1) 
F(5) 5366(1) 2500 8742(1) 56(1) 
S(2) 5158(1) 2500 6908(1) 30(1) 
O(4) 5467(1) 1259(1) 6836(1) 38(1) 
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O(5) 4662(1) 2500 6381(1) 48(1) 
 
 
Table 3.7: Bond lengths [Å] and angles [°] for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-
diaminium monotriflate - orthorhombic. Symmetry transformations used to generate 
equivalent atoms: #1 x,-y+1/2,z.     
_____________________________________________________ 
C(1")-N(1")  1.489(3) 
C(1")-H(1"A)  0.9800 
C(1")-H(1"B)  0.9800 
C(1")-H(1"C)  0.9800 
C(2")-N(1")  1.487(3) 
C(2")-H(2"A)  0.9800 
C(2")-H(2"B)  0.9800 
C(2")-H(2"C)  0.9800 
N(1")-C(3")  1.495(2) 
N(1")-H(1")  1.012(18) 
C(3")-C(4")  1.524(3) 
C(3")-H(3"A)  0.9900 
C(3")-H(3"B)  0.9900 
C(4")-C(5")  1.539(3) 
C(4")-H(4"A)  0.9900 
C(4")-H(4"B)  0.9900 
C(5")-C(10")  1.534(3) 
C(5")-C(11")  1.534(3) 
C(5")-C(6")  1.541(3) 
C(6")-C(7")  1.525(3) 
C(6")-H(6"A)  0.9900 
C(6")-H(6"B)  0.9900 
C(7")-N(2")  1.473(2) 
C(7")-H(7"A)  0.9900 
C(7")-H(7"B)  0.9900 
N(2")-C(8")  1.469(3) 
N(2")-C(9")  1.470(3) 
C(8")-H(8"A)  0.9800 
C(8")-H(8"B)  0.9800 
C(8")-H(8"C)  0.9800 
C(9")-H(9"A)  0.9800 
C(9")-H(9"B)  0.9800 
C(9")-H(9"C)  0.9800 
C(10")-H(10D)  0.9800 
C(10")-H(10E)  0.9800 
C(10")-H(10F)  0.9800 
C(11")-H(11D)  0.9800 
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C(11")-H(11E)  0.9800 
C(11")-H(11F)  0.9800 
C(1')-N(1')  1.487(3) 
C(1')-H(1'A)  0.9800 
C(1')-H(1'B)  0.9800 
C(1')-H(1'C)  0.9800 
C(2')-N(1')  1.487(3) 
C(2')-H(2'A)  0.9800 
C(2')-H(2'B)  0.9800 
C(2')-H(2'C)  0.9800 
N(1')-C(3')  1.491(2) 
N(1')-H(1')  1.042(16) 
C(3')-C(4')  1.527(3) 
C(3')-H(3'A)  0.9900 
C(3')-H(3'B)  0.9900 
C(4')-C(5')  1.541(3) 
C(4')-H(4'A)  0.9900 
C(4')-H(4'B)  0.9900 
C(5')-C(10')  1.533(3) 
C(5')-C(11')  1.536(3) 
C(5')-C(6')  1.544(2) 
C(6')-C(7')  1.527(3) 
C(6')-H(6'A)  0.9900 
C(6')-H(6'B)  0.9900 
C(7')-N(2')  1.481(2) 
C(7')-H(7'A)  0.9900 
C(7')-H(7'B)  0.9900 
N(2')-C(8')  1.472(3) 
N(2')-C(9')  1.474(3) 
C(8')-H(8'A)  0.9800 
C(8')-H(8'B)  0.9800 
C(8')-H(8'C)  0.9800 
C(9')-H(9'A)  0.9800 
C(9')-H(9'B)  0.9800 
C(9')-H(9'C)  0.9800 
C(10')-H(10A)  0.9800 
C(10')-H(10B)  0.9800 
C(10')-H(10C)  0.9800 
C(11')-H(11A)  0.9800 
C(11')-H(11B)  0.9800 
C(11')-H(11C)  0.9800 
C(1)-F(2)  1.319(3) 
C(1)-F(1)  1.3252(17) 
C(1)-F(1)#1  1.3252(17) 
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C(1)-S(1)  1.808(2) 
S(1)-O(2)  1.4338(14) 
S(1)-O(1)  1.4363(9) 
S(1)-O(1)#1  1.4363(9) 
C(2)-F(4)  1.3282(14) 
C(2)-F(4)#1  1.3282(14) 
C(2)-F(5)  1.336(2) 
C(2)-S(2)  1.8177(18) 
S(2)-O(5)  1.4386(13) 
S(2)-O(4)#1  1.4453(10) 
S(2)-O(4)  1.4453(10) 
C(2")-N(1")-C(1") 110.61(15) 
C(2")-N(1")-C(3") 111.4(2) 
C(1")-N(1")-C(3") 111.4(2) 
C(2")-N(1")-H(1") 116(3) 
C(1")-N(1")-H(1") 99(3) 
C(3")-N(1")-H(1") 107.4(11) 
N(1")-C(3")-C(4") 114.8(3) 
N(1")-C(3")-H(3"A) 108.6 
C(4")-C(3")-H(3"A) 108.6 
N(1")-C(3")-H(3"B) 108.6 
C(4")-C(3")-H(3"B) 108.6 
H(3"A)-C(3")-H(3"B) 107.5 
C(3")-C(4")-C(5") 116.9(2) 
C(3")-C(4")-H(4"A) 108.1 
C(5")-C(4")-H(4"A) 108.1 
C(3")-C(4")-H(4"B) 108.1 
C(5")-C(4")-H(4"B) 108.1 
H(4"A)-C(4")-H(4"B) 107.3 
C(10")-C(5")-C(11") 108.55(17) 
C(10")-C(5")-C(4") 107.2(3) 
C(11")-C(5")-C(4") 110.79(19) 
C(10")-C(5")-C(6") 110.5(2) 
C(11")-C(5")-C(6") 107.3(2) 
C(4")-C(5")-C(6") 112.42(15) 
C(7")-C(6")-C(5") 116.5(2) 
C(7")-C(6")-H(6"A) 108.2 
C(5")-C(6")-H(6"A) 108.2 
C(7")-C(6")-H(6"B) 108.2 
C(5")-C(6")-H(6"B) 108.2 
H(6"A)-C(6")-H(6"B) 107.3 
N(2")-C(7")-C(6") 114.0(2) 
N(2")-C(7")-H(7"A) 108.7 
C(6")-C(7")-H(7"A) 108.7 
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N(2")-C(7")-H(7"B) 108.7 
C(6")-C(7")-H(7"B) 108.7 
H(7"A)-C(7")-H(7"B) 107.6 
C(8")-N(2")-C(9") 109.65(15) 
C(8")-N(2")-C(7") 110.7(2) 
C(9")-N(2")-C(7") 109.8(2) 
C(1')-N(1')-C(2') 110.52(15) 
C(1')-N(1')-C(3') 111.5(2) 
C(2')-N(1')-C(3') 111.1(2) 
C(1')-N(1')-H(1') 108(3) 
C(2')-N(1')-H(1') 109(3) 
C(3')-N(1')-H(1') 107.3(11) 
N(1')-C(3')-C(4') 114.1(3) 
N(1')-C(3')-H(3'A) 108.7 
C(4')-C(3')-H(3'A) 108.7 
N(1')-C(3')-H(3'B) 108.7 
C(4')-C(3')-H(3'B) 108.7 
H(3'A)-C(3')-H(3'B) 107.6 
C(3')-C(4')-C(5') 116.23(18) 
C(3')-C(4')-H(4'A) 108.2 
C(5')-C(4')-H(4'A) 108.2 
C(3')-C(4')-H(4'B) 108.2 
C(5')-C(4')-H(4'B) 108.2 
H(4'A)-C(4')-H(4'B) 107.4 
C(10')-C(5')-C(11') 107.97(16) 
C(10')-C(5')-C(4') 110.23(17) 
C(11')-C(5')-C(4') 107.6(2) 
C(10')-C(5')-C(6') 108.2(2) 
C(11')-C(5')-C(6') 110.52(17) 
C(4')-C(5')-C(6') 112.30(15) 
C(7')-C(6')-C(5') 116.91(19) 
C(7')-C(6')-H(6'A) 108.1 
C(5')-C(6')-H(6'A) 108.1 
C(7')-C(6')-H(6'B) 108.1 
C(5')-C(6')-H(6'B) 108.1 
H(6'A)-C(6')-H(6'B) 107.3 
N(2')-C(7')-C(6') 113.8(3) 
N(2')-C(7')-H(7'A) 108.8 
C(6')-C(7')-H(7'A) 108.8 
N(2')-C(7')-H(7'B) 108.8 
C(6')-C(7')-H(7'B) 108.8 
H(7'A)-C(7')-H(7'B) 107.7 
C(8')-N(2')-C(9') 109.85(15) 
C(8')-N(2')-C(7') 110.7(3) 
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C(9')-N(2')-C(7') 110.7(2) 
F(2)-C(1)-F(1) 107.58(13) 
F(2)-C(1)-F(1)#1 107.58(13) 
F(1)-C(1)-F(1)#1 107.26(19) 
F(2)-C(1)-S(1) 110.46(17) 
F(1)-C(1)-S(1) 111.87(10) 
F(1)#1-C(1)-S(1) 111.87(10) 
O(2)-S(1)-O(1) 114.56(5) 
O(2)-S(1)-O(1)#1 114.56(5) 
O(1)-S(1)-O(1)#1 114.72(8) 
O(2)-S(1)-C(1) 103.61(10) 
O(1)-S(1)-C(1) 103.66(6) 
O(1)#1-S(1)-C(1) 103.66(6) 
F(4)-C(2)-F(4)#1 107.01(15) 
F(4)-C(2)-F(5) 108.07(10) 
F(4)#1-C(2)-F(5) 108.07(10) 
F(4)-C(2)-S(2) 111.52(9) 
F(4)#1-C(2)-S(2) 111.52(9) 
F(5)-C(2)-S(2) 110.48(13) 
O(5)-S(2)-O(4)#1 115.12(5) 
O(5)-S(2)-O(4) 115.12(5) 
O(4)#1-S(2)-O(4) 114.76(8) 
O(5)-S(2)-C(2) 103.46(9) 
O(4)#1-S(2)-C(2) 102.96(5) 
O(4)-S(2)-C(2) 102.96(5) 
_____________________________________________________________ 
 
 
Table 3.8: Anisotropic displacement parameters (Å

2
x 10

3
)for N1,N1,N5,N5,3,3-

hexamethylpentane-1,5-diaminium monotriflate – orthorhombic. The anisotropic 
displacement factor exponent takes the form: -2p

2
[ h

2
a*2U

11
 + ... + 2 h k a* b* U

12]. 
________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
________________________________________________________________________ 
C(1") 28(2)  39(2) 20(2)  10(2) 0(2)  4(1) 
C(2") 26(2)  34(2) 19(2)  -6(2) 1(2)  1(1) 
N(1") 20(1)  28(2) 18(1)  5(1) -2(1)  -3(1) 
C(3") 25(1)  40(2) 19(1)  4(1) -2(1)  1(1) 
C(4") 34(1)  36(1) 20(1)  2(1) -3(1)  -3(1) 
C(5") 38(1)  41(1) 15(1)  10(4) 1(1)  1(6) 
C(6") 32(1)  45(1) 22(1)  6(1) 3(1)  -2(1) 
C(7") 30(1)  50(2) 20(1)  3(1) 6(1)  8(1) 
N(2") 23(1)  28(3) 18(1)  0(1) -1(1)  -3(1) 
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C(8") 36(2)  36(2) 31(2)  1(2) -10(2)  -4(2) 
C(9") 27(1)  40(2) 20(2)  8(1) -1(1)  5(2) 
C(10") 64(2)  50(2) 20(1)  1(1) 3(1)  9(1) 
C(11") 43(1)  45(1) 22(1)  4(1) -2(1)  0(1) 
C(1') 29(2)  23(2) 25(2)  -8(1) -4(2)  0(2) 
C(2') 36(3)  25(2) 28(3)  7(2) -5(2)  6(2) 
N(1') 22(1)  15(3) 21(1)  -5(1) 0(1)  -2(1) 
C(3') 24(1)  29(2) 23(1)  -5(1) 2(1)  4(1) 
C(4') 27(1)  24(1) 22(1)  -1(1) 1(1)  -4(1) 
C(5') 28(1)  22(1) 18(1)  10(3) 0(1)  -5(4) 
C(6') 27(1)  23(1) 22(1)  1(1) -1(1)  -4(1) 
C(7') 24(1)  31(2) 23(1)  3(1) -1(1)  3(1) 
N(2') 23(1)  23(2) 21(1)  2(1) 1(1)  -2(1) 
C(8') 31(2)  26(2) 22(2)  -2(2) 6(2)  9(1) 
C(9') 37(2)  38(2) 24(2)  7(2) 4(2)  -1(2) 
C(10') 42(1)  29(1) 24(1)  -5(1) 3(1)  1(1) 
C(11') 39(1)  29(1) 21(1)  6(1) -2(1)  0(1) 
C(1) 28(1)  41(1) 67(1)  0 -9(1)  0 
F(1) 36(1)  47(1) 136(1)  3(1) 17(1)  -13(1) 
F(2) 60(1)  159(2) 92(1)  0 -54(1)  0 
S(1) 25(1)  21(1) 23(1)  0 -2(1)  0 
O(1) 45(1)  26(1) 47(1)  -8(1) 7(1)  1(1) 
O(2) 46(1)  61(1) 25(1)  0 -7(1)  0 
C(2) 34(1)  58(1) 20(1)  0 3(1)  0 
F(4) 51(1)  66(1) 38(1)  8(1) 17(1)  -7(1) 
F(5) 52(1)  96(1) 20(1)  0 -10(1)  0 
S(2) 23(1)  52(1) 16(1)  0 0(1)  0 
O(4) 33(1)  49(1) 32(1)  -6(1) 5(1)  1(1) 
O(5) 29(1)  88(1) 26(1)  0 -8(1)  0 
 
 
Table 3.9: Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 
103) for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium monotriflate – orthorhombic 
________________________________________________________________________ 
 x  y  z  U(eq) 
________________________________________________________________________ 
 
H(1"A) 4081 1203 4995 44 
H(1"B) 4066 533 3947 44 
H(1"C) 3543 1255 4372 44 
H(2"A) 4139 3611 5195 39 
H(2"B) 3582 3811 4643 39 
H(2"C) 4105 4612 4289 39 
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H(1") 4503(7) 2400(60) 3832(14) 26 
H(3"A) 3936 3764 2741 34 
H(3"B) 3483 2663 2975 34 
H(4"A) 3799 1523 1776 36 
H(4"B) 4269 1078 2487 36 
H(6"A) 5263 3420 1524 40 
H(6"B) 4887 3863 2397 40 
H(7"A) 5206 1149 2498 40 
H(7"B) 5695 2196 2558 40 
H(8"A) 5376 3685 4726 52 
H(8"B) 5291 4350 3688 52 
H(8"C) 5831 3539 3924 52 
H(9"A) 5316 1274 4936 43 
H(9"B) 5794 1099 4181 43 
H(9"C) 5242 302 4023 43 
H(10D) 4958 1720 334 67 
H(10E) 4376 1050 413 67 
H(10F) 4839 599 1141 67 
H(11D) 4528 3980 413 55 
H(11E) 4179 4416 1326 55 
H(11F) 3946 3340 570 55 
H(1'A) 1924 1271 6661 38 
H(1'B) 1397 1325 7313 38 
H(1'C) 1923 574 7700 38 
H(2'A) 1955 4664 7429 44 
H(2'B) 1435 3856 7075 44 
H(2'C) 1986 3707 6499 44 
H(1') 2392(7) 2600(60) 7799(14) 23 
H(3'A) 1378 2648 8747 30 
H(3'B) 1826 3772 8952 30 
H(4'A) 2192 1097 9142 29 
H(4'B) 1742 1498 9905 29 
H(6'A) 2775 3935 9184 29 
H(6'B) 3186 3526 10011 29 
H(7'A) 3604 2394 8904 31 
H(7'B) 3149 1263 9041 31 
H(8'A) 3100 1358 6589 40 
H(8'B) 3100 397 7517 40 
H(8'C) 3627 1236 7237 40 
H(9'A) 3158 3779 6772 50 
H(9'B) 3653 3695 7501 50 
H(9'C) 3114 4459 7814 50 
H(10A) 2089 4389 10355 47 
H(10B) 2480 3976 11218 47 
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H(10C) 1906 3263 11120 47 
H(11A) 2954 1772 11217 45 
H(11B) 2818 649 10419 45 
H(11C) 2379 1052 11206 45 
 
 
Table 3.10: Torsion angles [°] for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium 
monotriflate – orthorhombic. Symmetry transformations used to generate equivalent 
atoms: #1 x,-y+1/2,z.  
________________________________________________________________ 
C(2")-N(1")-C(3")-C(4") 165.8(5) 
C(1")-N(1")-C(3")-C(4") -70.1(5) 
N(1")-C(3")-C(4")-C(5") -102.0(3) 
C(3")-C(4")-C(5")-C(10") 179.43(19) 
C(3")-C(4")-C(5")-C(11") -62.3(3) 
C(3")-C(4")-C(5")-C(6") 57.7(3) 
C(10")-C(5")-C(6")-C(7") -64.1(3) 
C(11")-C(5")-C(6")-C(7") 177.71(19) 
C(4")-C(5")-C(6")-C(7") 55.7(3) 
C(5")-C(6")-C(7")-N(2") -103.6(2) 
C(6")-C(7")-N(2")-C(8") -71.0(4) 
C(6")-C(7")-N(2")-C(9") 167.8(3) 
C(1')-N(1')-C(3')-C(4') 72.0(6) 
C(2')-N(1')-C(3')-C(4') -164.2(6) 
N(1')-C(3')-C(4')-C(5') 101.8(3) 
C(3')-C(4')-C(5')-C(10') 63.6(2) 
C(3')-C(4')-C(5')-C(11') -178.95(17) 
C(3')-C(4')-C(5')-C(6') -57.1(3) 
C(10')-C(5')-C(6')-C(7') -178.20(17) 
C(11')-C(5')-C(6')-C(7') 63.8(2) 
C(4')-C(5')-C(6')-C(7') -56.3(3) 
C(5')-C(6')-C(7')-N(2') 101.4(3) 
C(6')-C(7')-N(2')-C(8') -164.9(6) 
C(6')-C(7')-N(2')-C(9') 72.9(6) 
F(2)-C(1)-S(1)-O(2) 180.0 
F(1)-C(1)-S(1)-O(2) -60.19(14) 
F(1)#1-C(1)-S(1)-O(2) 60.19(14) 
F(2)-C(1)-S(1)-O(1) -60.06(5) 
F(1)-C(1)-S(1)-O(1) 59.75(16) 
F(1)#1-C(1)-S(1)-O(1) -179.88(13) 
F(2)-C(1)-S(1)-O(1)#1 60.06(5) 
F(1)-C(1)-S(1)-O(1)#1 179.88(13) 
F(1)#1-C(1)-S(1)-O(1)#1 -59.75(16) 
F(4)-C(2)-S(2)-O(5) 59.79(11) 
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F(4)#1-C(2)-S(2)-O(5) -59.79(11) 
F(5)-C(2)-S(2)-O(5) 180.0 
F(4)-C(2)-S(2)-O(4)#1 179.98(10) 
F(4)#1-C(2)-S(2)-O(4)#1 60.41(13) 
F(5)-C(2)-S(2)-O(4)#1 -59.80(4) 
F(4)-C(2)-S(2)-O(4) -60.41(13) 
F(4)#1-C(2)-S(2)-O(4) -179.98(10) 
F(5)-C(2)-S(2)-O(4) 59.80(4) 
________________________________________________________________ 
 
 
Table 3.11: Hydrogen bonds for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium 
monotriflate – orthorhombic [Å and °]. Symmetry transformations used to generate 
equivalent atoms: #1 x,-y+1/2,z. 
_________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________ 
 N(1")-H(1")...N(2") 1.012(18) 1.746(17) 2.751(2) 172(5) 
 N(1')-H(1')...N(2') 1.042(16) 1.654(17) 2.693(3) 175(5) 
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Appendix 3.2 
 

The following results are taken from the reports provided by Dr.Fook Tham of UCR’s 
Analytical Chemistry Instrumentation Facility (ACIF). 

 
Table 3.12: Crystal data and structure refinement for N1,N1,N5,N5,3,3-
hexamethylpentane-1,5-diaminium ditriflate 
______________________________________________________________________ 
Identification code  tm9_0m 
Empirical formula  C13 H28 F6 N2 O6 S2 
Formula weight  486.49 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 17.2339(5) Å )= 90°. 
 b = 10.4360(3) Å (= 113.4789(3)°. 
 c = 13.2436(4) Å - = 90°. 
Volume 2184.70(11) Å3 
Z 4 
Density (calculated) 1.479 Mg/m3 
Absorption coefficient 0.325 mm-1 
F(000) 1016 
Crystal size 0.55 x 0.50 x 0.30 mm3 
Theta range for data collection 2.34 to 30.49°. 
Index ranges -24<=h<=24, -14<=k<=14, -18<=l<=18 
Reflections collected 16491 
Independent reflections 3346 [R(int) = 0.0176] 
Completeness to theta = 30.49° 99.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9080 and 0.8428 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3346 / 0 / 139 
Goodness-of-fit on F2 1.036 
Final R indices [I>2sigma(I)] R1 = 0.0269, wR2 = 0.0758 
R indices (all data) R1 = 0.0278, wR2 = 0.0766 
Largest diff. peak and hole 0.401 and -0.362 e.Å-3 
________________________________________________________________________ 
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Table 3.13: Atomic coordinates ( x 104) and equivalent isotropic displacement 
parameters (Å2x 103) for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium ditriflate. U 
(eq) is defined as one third of the trace of the orthogonalized Uij tensor. The numbers in 
the parentheses represent the standard deviation.  
________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________ 
N(1') 3450(1) 10205(1) 236(1) 14(1) 
C(1') 2521(1) 10418(1) -125(1) 19(1) 
C(2') 3902(1) 11447(1) 341(1) 22(1) 
C(3') 3787(1) 9427(1) 1279(1) 14(1) 
C(4') 4629(1) 8803(1) 1452(1) 15(1) 
C(5') 5000 7970(1) 2500 15(1) 
C(6') 5682(1) 7108(1) 2390(1) 26(1) 
S(1) 1759(1) 7215(1) 1768(1) 14(1) 
O(1) 2183(1) 7378(1) 1034(1) 22(1) 
O(2) 2279(1) 7294(1) 2929(1) 25(1) 
O(3) 1158(1) 6159(1) 1452(1) 20(1) 
C(1) 1096(1) 8638(1) 1523(1) 22(1) 
F(1) 664(1) 8638(1) 2163(1) 42(1) 
F(2) 1569(1) 9691(1) 1754(1) 35(1) 
F(3) 542(1) 8709(1) 486(1) 46(1) 
 
 
Table 3.14: Bond lengths [Å] and angles [degrees] for N1,N1,N5,N5,3,3-
hexamethylpentane-1,5-diaminium ditriflate. The numbers in the parentheses represent 
the standard deviation.  
_____________________________________ 
N(1')-C(2')  1.4906(11) 
N(1')-C(1')  1.4941(11) 
N(1')-C(3')  1.5049(10) 
C(3')-C(4')  1.5211(11) 
C(4')-C(5')  1.5442(10) 
C(5')-C(6')  1.5324(12) 
C(5')-C(6')#1  1.5324(12) 
C(5')-C(4')#1  1.5442(10) 
S(1)-O(1)  1.4401(7) 
S(1)-O(2)  1.4401(7) 
S(1)-O(3)  1.4550(7) 
S(1)-C(1)  1.8225(10) 
C(1)-F(3)  1.3262(12) 
C(1)-F(2)  1.3290(11) 
C(1)-F(1)  1.3326(11) 
C(2')-N(1')-C(1') 110.72(7) 
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C(2')-N(1')-C(3') 112.73(7) 
C(1')-N(1')-C(3') 110.28(6) 
N(1')-C(3')-C(4') 111.44(6) 
C(3')-C(4')-C(5') 113.92(6) 
C(6')-C(5')-C(6')#1 108.16(11) 
C(6')-C(5')-C(4') 107.70(5) 
C(6')#1-C(5')-C(4') 110.89(5) 
C(6')-C(5')-C(4')#1 110.89(5) 
C(6')#1-C(5')-C(4')#1 107.70(5) 
C(4')-C(5')-C(4')#1 111.47(9) 
O(1)-S(1)-O(2) 116.56(5) 
O(1)-S(1)-O(3) 112.88(4) 
O(2)-S(1)-O(3) 114.81(4) 
O(1)-S(1)-C(1) 103.53(4) 
O(2)-S(1)-C(1) 102.84(4) 
O(3)-S(1)-C(1) 104.03(4) 
F(3)-C(1)-F(2) 108.31(9) 
F(3)-C(1)-F(1) 107.69(9) 
F(2)-C(1)-F(1) 107.53(8) 
F(3)-C(1)-S(1) 111.82(7) 
F(2)-C(1)-S(1) 110.43(7) 
F(1)-C(1)-S(1) 110.90(7) 
 
 
Table 3.15: Anisotropic displacement parameters (Å2x 103) for N1,N1,N5,N5,3,3-
hexamethylpentane-1,5-diaminium ditriflate. The anisotropic displacement factor 
exponent takes the form: -2#2[ h2a*2U11 + ... + 2 h k a* b* U12 ]. The numbers in the 
parentheses represent the standard deviation.  
________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
________________________________________________________________________ 
N(1') 15(1)  14(1) 12(1)  0(1) 5(1)  2(1) 
C(1') 14(1)  22(1) 19(1)  2(1) 2(1)  5(1) 
C(2') 23(1)  16(1) 27(1)  4(1) 11(1)  -1(1) 
C(3') 13(1)  16(1) 13(1)  3(1) 4(1)  2(1) 
C(4') 13(1)  17(1) 14(1)  -1(1) 4(1)  2(1) 
C(5') 13(1)  12(1) 16(1)  0 1(1)  0 
C(6') 21(1)  21(1) 27(1)  -7(1) -2(1)  8(1) 
S(1) 15(1)  14(1) 13(1)  -2(1) 6(1)  -2(1) 
O(1) 22(1)  24(1) 25(1)  -6(1) 16(1)  -5(1) 
O(2) 29(1)  26(1) 14(1)  -4(1) 2(1)  0(1) 
O(3) 22(1)  18(1) 21(1)  -2(1) 10(1)  -7(1) 
C(1) 24(1)  19(1) 25(1)  -2(1) 11(1)  2(1) 
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F(1) 42(1)  39(1) 62(1)  -4(1) 39(1)  8(1) 
F(2) 46(1)  15(1) 50(1)  -5(1) 26(1)  -2(1) 
F(3) 49(1)  37(1) 33(1)  0(1) -4(1)  22(1) 
________________________________________________________________________ 
 
Table 3.16: Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 
103) for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium ditriflate 
 
 x  y  z  U(eq) 
________________________________________________________________________ 
 
H(1') 3534(8) 9743(14) -281(11) 24(3) 
H(1'1) 2415 10888 448 29 
H(1'2) 2230 9590 -251 29 
H(1'3) 2308 10917 -809 29 
H(2'1) 3679 11895 -368 33 
H(2'2) 4508 11286 562 33 
H(2'3) 3818 11978 900 33 
H(3'1) 3372 8755 1244 17 
H(3'2) 3863 9990 1913 17 
H(4'1) 5041 9482 1493 18 
H(4'2) 4551 8262 805 18 
H(6'1) 5982 6651 3084 40 
H(6'2) 6085 7635 2219 40 
H(6'3) 5417 6487 1797 40 
 
 
Table 3.17: Torsion angles for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium 
ditriflate. The numbers in parenthesis represent the standard deviation.  
________________________________________________________________ 
C(2')-N(1')-C(3')-C(4') -75.58(9) 
C(1')-N(1')-C(3')-C(4') 160.10(7) 
N(1')-C(3')-C(4')-C(5') -178.92(7) 
C(3')-C(4')-C(5')-C(6') 163.52(7) 
C(3')-C(4')-C(5')-C(6')#1 45.35(10) 
C(3')-C(4')-C(5')-C(4')#1 -74.64(6) 
O(1)-S(1)-C(1)-F(3) 60.57(8) 
O(2)-S(1)-C(1)-F(3) -177.65(8) 
O(3)-S(1)-C(1)-F(3) -57.62(8) 
O(1)-S(1)-C(1)-F(2) -60.11(8) 
O(2)-S(1)-C(1)-F(2) 61.66(8) 
O(3)-S(1)-C(1)-F(2) -178.31(6) 
O(1)-S(1)-C(1)-F(1) -179.21(7) 
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O(2)-S(1)-C(1)-F(1) -57.43(8) 
O(3)-S(1)-C(1)-F(1) 62.60(8) 
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Appendix 3.3 
 

The following results are taken from the reports provided by Dr.Fook Tham of UCR’s 
Analytical Chemistry Instrumentation Facility (ACIF). 
 
Table 3.18: Crystal data and structure refinement for N1,N1,N5,N5,3,3-
hexamethylpentane-1,5-diaminium diiodide 
________________________________________________________________________  
Identification code  tm14_0m 
Empirical formula  C11 H28 I2 N2 
Formula weight  442.15 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 7.7439(5) Å a= 90°. 
 b = 14.4654(9) Å b= 97.7152(9)°. 
 c = 15.7443(10) Å g = 90°. 
Volume 1747.69(19) Å3 
Z 4 
Density (calculated) 1.680 Mg/m3 
Absorption coefficient 3.580 mm-1 
F(000) 856 
Crystal size 0.54 x 0.14 x 0.06 mm3 
Theta range for data collection 1.92 to 29.57°. 
Index ranges -10<=h<=10, -20<=k<=20, -21<=l<=21 
Reflections collected 25165 
Independent reflections 4886 [R(int) = 0.0213] 
Completeness to theta = 29.57° 99.5 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8139 and 0.2494 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4886 / 0 / 142 
Goodness-of-fit on F2 1.298 
Final R indices [I>2sigma(I)] R1 = 0.0339, wR2 = 0.0811 
R indices (all data) R1 = 0.0368, wR2 = 0.0822 
Largest diff. peak and hole 2.838 and -0.777 e.Å-3 
________________________________________________________________________  
 
 
 
 



 

95 

Table 3.19: Atomic coordinates ( x 104) and equivalent isotropic displacement 
parameters (Å2x 103) for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium diiodide. U 
(eq) is defined as one third of the trace of the orthogonalized Uij tensor. The numbers in 
the parentheses represent the standard deviation.  
________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________  
I(1) 2801(1) 3879(1) 3803(1) 18(1) 
I(2) 2923(1) 8638(1) 4282(1) 20(1) 
C(1) 7698(5) 2893(3) 3502(3) 21(1) 
C(2) 8107(6) 3913(3) 4766(2) 21(1) 
N(1) 7266(4) 3811(2) 3861(2) 14(1) 
C(3) 7676(5) 4572(3) 3279(2) 17(1) 
C(4) 7152(5) 5515(3) 3590(2) 17(1) 
C(5) 7204(5) 6277(3) 2908(2) 17(1) 
C(6) 6698(5) 7216(3) 3282(2) 18(1) 
C(7) 7952(5) 7566(3) 4042(2) 16(1) 
N(2) 7397(4) 8494(2) 4351(2) 15(1) 
C(8) 8268(6) 8677(3) 5237(2) 21(1) 
C(9) 7692(6) 9273(3) 3776(3) 21(1) 
C(10) 9010(5) 6339(3) 2625(3) 19(1) 
C(11) 5820(6) 6093(3) 2131(2) 21(1) 
________________________________________________________________________ 
 
 
Table 3.20: Bond lengths [Å] and angles [degrees] for N1,N1,N5,N5,3,3-
hexamethylpentane-1,5-diaminium diiodide. The numbers in the parentheses represent 
the standard deviation.  
_____________________________________ 
C(1)-N(1)  1.499(5) 
C(1)-H(1A)  0.9800 
C(1)-H(1B)  0.9800 
C(1)-H(1C)  0.9800 
C(2)-N(1)  1.492(5) 
C(2)-H(2A)  0.9800 
C(2)-H(2B)  0.9800 
C(2)-H(2C)  0.9800 
N(1)-C(3)  1.494(5) 
N(1)-H(1D)  0.9300 
C(3)-C(4)  1.523(5) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-C(5)  1.543(5) 
C(4)-H(4A)  0.9900 
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C(4)-H(4B)  0.9900 
C(5)-C(10)  1.526(5) 
C(5)-C(11)  1.538(5) 
C(5)-C(6)  1.552(5) 
C(6)-C(7)  1.522(5) 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(7)-N(2)  1.511(5) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
N(2)-C(9)  1.482(5) 
N(2)-C(8)  1.489(5) 
N(2)-H(2D)  0.9300 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-H(11A)  0.9800 
C(11)-H(11B)  0.9800 
C(11)-H(11C)  0.9800 
N(1)-C(1)-H(1A) 109.5 
N(1)-C(1)-H(1B) 109.5 
H(1A)-C(1)-H(1B) 109.5 
N(1)-C(1)-H(1C) 109.5 
H(1A)-C(1)-H(1C) 109.5 
H(1B)-C(1)-H(1C) 109.5 
N(1)-C(2)-H(2A) 109.5 
N(1)-C(2)-H(2B) 109.5 
H(2A)-C(2)-H(2B) 109.5 
N(1)-C(2)-H(2C) 109.5 
H(2A)-C(2)-H(2C) 109.5 
H(2B)-C(2)-H(2C) 109.5 
C(2)-N(1)-C(3) 114.3(3) 
C(2)-N(1)-C(1) 110.9(3) 
C(3)-N(1)-C(1) 110.1(3) 
C(2)-N(1)-H(1D) 107.0 
C(3)-N(1)-H(1D) 107.0 
C(1)-N(1)-H(1D) 107.0 
N(1)-C(3)-C(4) 112.0(3) 
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N(1)-C(3)-H(3A) 109.2 
C(4)-C(3)-H(3A) 109.2 
N(1)-C(3)-H(3B) 109.2 
C(4)-C(3)-H(3B) 109.2 
H(3A)-C(3)-H(3B) 107.9 
C(3)-C(4)-C(5) 112.5(3) 
C(3)-C(4)-H(4A) 109.1 
C(5)-C(4)-H(4A) 109.1 
C(3)-C(4)-H(4B) 109.1 
C(5)-C(4)-H(4B) 109.1 
H(4A)-C(4)-H(4B) 107.8 
C(10)-C(5)-C(11) 110.2(3) 
C(10)-C(5)-C(4) 110.9(3) 
C(11)-C(5)-C(4) 110.5(3) 
C(10)-C(5)-C(6) 110.3(3) 
C(11)-C(5)-C(6) 105.6(3) 
C(4)-C(5)-C(6) 109.2(3) 
C(7)-C(6)-C(5) 114.9(3) 
C(7)-C(6)-H(6A) 108.5 
C(5)-C(6)-H(6A) 108.5 
C(7)-C(6)-H(6B) 108.5 
C(5)-C(6)-H(6B) 108.5 
H(6A)-C(6)-H(6B) 107.5 
N(2)-C(7)-C(6) 111.7(3) 
N(2)-C(7)-H(7A) 109.3 
C(6)-C(7)-H(7A) 109.3 
N(2)-C(7)-H(7B) 109.3 
C(6)-C(7)-H(7B) 109.3 
H(7A)-C(7)-H(7B) 107.9 
C(9)-N(2)-C(8) 110.5(3) 
C(9)-N(2)-C(7) 113.9(3) 
C(8)-N(2)-C(7) 110.3(3) 
C(9)-N(2)-H(2D) 107.3 
C(8)-N(2)-H(2D) 107.3 
C(7)-N(2)-H(2D) 107.3 
N(2)-C(8)-H(8A) 109.5 
N(2)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
N(2)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
N(2)-C(9)-H(9A) 109.5 
N(2)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
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N(2)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(5)-C(10)-H(10A) 109.5 
C(5)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(5)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
C(5)-C(11)-H(11A) 109.5 
C(5)-C(11)-H(11B) 109.5 
H(11A)-C(11)-H(11B) 109.5 
C(5)-C(11)-H(11C) 109.5 
H(11A)-C(11)-H(11C) 109.5 
H(11B)-C(11)-H(11C) 109.5 
 
 
Table 3.21: Anisotropic displacement parameters (Å2x 103) for N1,N1,N5,N5,3,3-
hexamethylpentane-1,5-diaminium diiodide. The anisotropic displacement factor 
exponent takes the form: -2#2[ h2a*2U11 + ... + 2 h k a* b* U12 ]. The numbers in the 
parentheses represent the standard deviation.  
________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
I(1) 14(1)  22(1) 19(1)  -3(1) 4(1)  -1(1) 
I(2) 15(1)  19(1) 28(1)  3(1) 6(1)  1(1) 
C(1) 24(2)  13(2) 27(2)  -4(1) 2(2)  0(1) 
C(2) 26(2)  22(2) 15(2)  2(1) 0(1)  2(2) 
N(1) 13(1)  12(1) 17(1)  -2(1) 3(1)  1(1) 
C(3) 20(2)  16(2) 15(2)  2(1) 3(1)  1(1) 
C(4) 20(2)  16(2) 17(2)  0(1) 5(1)  1(1) 
C(5) 18(2)  18(2) 14(2)  -1(1) 2(1)  0(1) 
C(6) 19(2)  16(2) 18(2)  -1(1) 2(1)  0(1) 
C(7) 16(2)  16(2) 16(2)  0(1) 0(1)  2(1) 
N(2) 11(1)  14(1) 20(2)  -4(1) 1(1)  2(1) 
C(8) 27(2)  18(2) 17(2)  -3(1) 3(1)  0(2) 
C(9) 29(2)  15(2) 20(2)  2(1) 3(2)  0(2) 
C(10) 19(2)  16(2) 24(2)  0(1) 5(1)  -1(1) 
C(11) 26(2)  20(2) 17(2)  -3(1) -2(1)  5(2) 
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Table 3.22: Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 
103) for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium diiodide 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
  
H(1A) 8960 2850 3496 32 
H(1B) 7098 2832 2916 32 
H(1C) 7321 2397 3858 32 
H(2A) 7825 3375 5100 32 
H(2B) 7676 4475 5014 32 
H(2C) 9374 3955 4779 32 
H(1D) 6067 3821 3870 16 
H(3A) 7054 4458 2697 20 
H(3B) 8942 4571 3241 20 
H(4A) 7949 5686 4112 21 
H(4B) 5958 5476 3747 21 
H(6A) 6617 7686 2822 21 
H(6B) 5526 7154 3462 21 
H(7A) 8006 7113 4516 19 
H(7B) 9134 7619 3872 19 
H(2D) 6205 8463 4375 18 
H(8A) 9534 8678 5241 31 
H(8B) 7947 8194 5623 31 
H(8C) 7895 9281 5429 31 
H(9A) 7211 9841 3988 32 
H(9B) 7115 9141 3196 32 
H(9C) 8946 9350 3764 32 
H(10A) 9215 5792 2285 29 
H(10B) 9895 6370 3131 29 
H(10C) 9079 6896 2276 29 
H(11A) 5776 6618 1735 32 
H(11B) 4679 6013 2325 32 
H(11C) 6124 5530 1837 32 
 
 
Table 3.23: Torsion angles for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium 
diiodide. The numbers in parenthesis represent the standard deviation.  
________________________________________________________________  
C(2)-N(1)-C(3)-C(4) -57.9(4) 
C(1)-N(1)-C(3)-C(4) 176.5(3) 
N(1)-C(3)-C(4)-C(5) -167.9(3) 
C(3)-C(4)-C(5)-C(10) -56.9(4) 
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C(3)-C(4)-C(5)-C(11) 65.6(4) 
C(3)-C(4)-C(5)-C(6) -178.7(3) 
C(10)-C(5)-C(6)-C(7) -58.1(4) 
C(11)-C(5)-C(6)-C(7) -177.2(3) 
C(4)-C(5)-C(6)-C(7) 64.0(4) 
C(5)-C(6)-C(7)-N(2) 178.3(3) 
C(6)-C(7)-N(2)-C(9) -73.4(4) 
C(6)-C(7)-N(2)-C(8) 161.7(3) 
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Appendix 3.4 

The following results are taken from the reports provided by Dr.Fook Tham of UCR’s 
Analytical Chemistry Instrumentation Facility (ACIF). 
 
Table 3.24: Crystal data and structure refinement N1,N1,N5,N5,3,3-hexamethylpentane-
1,5- diaminium monotriflate monochloride 
______________________________________________________________________ 
Identification code  tm6_0m 
Empirical formula  C12 H28 Cl F3 N2 O3 S 
Formula weight  372.87 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c (#14) 
Unit cell dimensions a = 8.5410(5) Å a= 90°. 
 b = 19.4314(10) Å b= 90.583(1)°. 
 c = 11.2151(6) Å g = 90°. 
Volume 1861.20(18) Å3 
Z 4 
Density (calculated) 1.331 Mg/m3 
Absorption coefficient 0.356 mm-1 
F(000) 792 
Crystal size 0.36 x 0.25 x 0.20 mm3 
Theta range for data collection 2.10 to 28.28°. 
Index ranges -11<=h<=11, -25<=k<=25, -14<=l<=14 
Reflections collected 20514 
Independent reflections 4610 [R(int) = 0.0340] 
Completeness to theta = 28.28° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9306 and 0.8834 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4610 / 255 / 284 
Goodness-of-fit on F2 1.064 
Final R indices [I>2sigma(I)] R1 = 0.0329, wR2 = 0.0876 
R indices (all data) R1 = 0.0454, wR2 = 0.0926 
Largest diff. peak and hole 0.413 and -0.293 e.Å-3 
________________________________________________________________________  
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Table 3.25: Bond lengths [Å] and angles [°] for N1,N1,N5,N5,3,3-hexamethylpentane-1,5- 
diaminium monotriflate monochloride. Symmetry transformations used to generate 
equivalent atoms: #1 x+1,y,z.  
_____________________________________________________  
N(1)-C(1)  1.4885(17) 
N(1)-C(2)  1.4937(16) 
N(1)-C(3)  1.5003(15) 
N(1)-H(1)  0.905(16) 
C(1)-H(1A)  0.9800 
C(1)-H(1B)  0.9800 
C(1)-H(1C)  0.9800 
C(2)-H(2A)  0.9800 
C(2)-H(2B)  0.9800 
C(2)-H(2C)  0.9800 
C(3)-C(4)  1.5237(17) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(4)-C(5)  1.5417(16) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-C(11)  1.5334(18) 
C(5)-C(10)  1.5338(18) 
C(5)-C(6)  1.5468(16) 
C(6)-C(7)  1.5234(17) 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(7)-N(2)  1.5021(15) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-N(2)  1.4827(17) 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(9)-N(2)  1.4935(17) 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-H(11A)  0.9800 
C(11)-H(11B)  0.9800 
C(11)-H(11C)  0.9800 
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N(2)-H(2)  0.877(16) 
C(1A)-F(3A)  1.321(4) 
C(1A)-F(1A)  1.332(5) 
C(1A)-F(2A)  1.337(6) 
C(1A)-S(1A)  1.816(4) 
S(1A)-O(3A)  1.419(3) 
S(1A)-O(2A)  1.425(3) 
S(1A)-O(1A)  1.427(5) 
C(1D)-F(3D)  1.307(6) 
C(1D)-F(2D)  1.309(7) 
C(1D)-F(1D)  1.312(5) 
C(1D)-S(1D)  1.799(5) 
S(1D)-O(3D)  1.420(4) 
S(1D)-O(1D)  1.429(7) 
S(1D)-O(2D)  1.437(4) 
C(1)-N(1)-C(2) 110.69(11) 
C(1)-N(1)-C(3) 112.67(10) 
C(2)-N(1)-C(3) 111.29(9) 
C(1)-N(1)-H(1) 109.3(10) 
C(2)-N(1)-H(1) 105.4(9) 
C(3)-N(1)-H(1) 107.2(9) 
N(1)-C(1)-H(1A) 109.5 
N(1)-C(1)-H(1B) 109.5 
H(1A)-C(1)-H(1B) 109.5 
N(1)-C(1)-H(1C) 109.5 
H(1A)-C(1)-H(1C) 109.5 
H(1B)-C(1)-H(1C) 109.5 
N(1)-C(2)-H(2A) 109.5 
N(1)-C(2)-H(2B) 109.5 
H(2A)-C(2)-H(2B) 109.5 
N(1)-C(2)-H(2C) 109.5 
H(2A)-C(2)-H(2C) 109.5 
H(2B)-C(2)-H(2C) 109.5 
N(1)-C(3)-C(4) 112.05(10) 
N(1)-C(3)-H(3A) 109.2 
C(4)-C(3)-H(3A) 109.2 
N(1)-C(3)-H(3B) 109.2 
C(4)-C(3)-H(3B) 109.2 
H(3A)-C(3)-H(3B) 107.9 
C(3)-C(4)-C(5) 113.74(10) 
C(3)-C(4)-H(4A) 108.8 
C(5)-C(4)-H(4A) 108.8 
C(3)-C(4)-H(4B) 108.8 
C(5)-C(4)-H(4B) 108.8 
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H(4A)-C(4)-H(4B) 107.7 
C(11)-C(5)-C(10) 110.68(12) 
C(11)-C(5)-C(4) 110.55(10) 
C(10)-C(5)-C(4) 109.44(11) 
C(11)-C(5)-C(6) 109.45(11) 
C(10)-C(5)-C(6) 110.03(10) 
C(4)-C(5)-C(6) 106.60(9) 
C(7)-C(6)-C(5) 113.64(9) 
C(7)-C(6)-H(6A) 108.8 
C(5)-C(6)-H(6A) 108.8 
C(7)-C(6)-H(6B) 108.8 
C(5)-C(6)-H(6B) 108.8 
H(6A)-C(6)-H(6B) 107.7 
N(2)-C(7)-C(6) 112.60(10) 
N(2)-C(7)-H(7A) 109.1 
C(6)-C(7)-H(7A) 109.1 
N(2)-C(7)-H(7B) 109.1 
C(6)-C(7)-H(7B) 109.1 
H(7A)-C(7)-H(7B) 107.8 
N(2)-C(8)-H(8A) 109.5 
N(2)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
N(2)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
N(2)-C(9)-H(9A) 109.5 
N(2)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
N(2)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(5)-C(10)-H(10A) 109.5 
C(5)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(5)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
C(5)-C(11)-H(11A) 109.5 
C(5)-C(11)-H(11B) 109.5 
H(11A)-C(11)-H(11B) 109.5 
C(5)-C(11)-H(11C) 109.5 
H(11A)-C(11)-H(11C) 109.5 
H(11B)-C(11)-H(11C) 109.5 
C(8)-N(2)-C(9) 110.40(11) 
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C(8)-N(2)-C(7) 113.54(10) 
C(9)-N(2)-C(7) 110.46(10) 
C(8)-N(2)-H(2) 107.7(10) 
C(9)-N(2)-H(2) 106.8(10) 
C(7)-N(2)-H(2) 107.7(10) 
F(3A)-C(1A)-F(1A) 107.5(5) 
F(3A)-C(1A)-F(2A) 107.6(5) 
F(1A)-C(1A)-F(2A) 106.3(4) 
F(3A)-C(1A)-S(1A) 111.4(3) 
F(1A)-C(1A)-S(1A) 110.6(3) 
F(2A)-C(1A)-S(1A) 113.2(4) 
O(3A)-S(1A)-O(2A) 115.0(3) 
O(3A)-S(1A)-O(1A) 114.7(3) 
O(2A)-S(1A)-O(1A) 115.6(4) 
O(3A)-S(1A)-C(1A) 103.3(3) 
O(2A)-S(1A)-C(1A) 101.4(2) 
O(1A)-S(1A)-C(1A) 104.3(6) 
F(3D)-C(1D)-F(2D) 108.1(5) 
F(3D)-C(1D)-F(1D) 106.5(4) 
F(2D)-C(1D)-F(1D) 106.6(6) 
F(3D)-C(1D)-S(1D) 110.6(4) 
F(2D)-C(1D)-S(1D) 112.3(5) 
F(1D)-C(1D)-S(1D) 112.4(4) 
O(3D)-S(1D)-O(1D) 115.3(5) 
O(3D)-S(1D)-O(2D) 113.9(3) 
O(1D)-S(1D)-O(2D) 114.4(4) 
O(3D)-S(1D)-C(1D) 104.1(3) 
O(1D)-S(1D)-C(1D) 104.0(7) 
O(2D)-S(1D)-C(1D) 103.3(3) 
_____________________________________________________________  
 
 
 Table 3.26: Anisotropic displacement parameters  (Å2x 103) N1,N1,N5,N5,3,3-
hexamethylpentane-1,5- diaminium monotriflate monochloride.  The anisotropic 
displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
N(1) 21(1)  21(1) 17(1)  0(1) 2(1)  2(1) 
C(1) 34(1)  24(1) 28(1)  -8(1) -1(1)  3(1) 
C(2) 23(1)  41(1) 28(1)  -5(1) -2(1)  13(1) 
C(3) 20(1)  29(1) 15(1)  0(1) 3(1)  6(1) 
C(4) 18(1)  24(1) 13(1)  0(1) 0(1)  1(1) 
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C(5) 17(1)  26(1) 13(1)  0(1) 0(1)  3(1) 
C(6) 18(1)  23(1) 14(1)  0(1) -1(1)  1(1) 
C(7) 19(1)  28(1) 16(1)  1(1) -2(1)  5(1) 
C(8) 32(1)  24(1) 30(1)  7(1) 3(1)  2(1) 
C(9) 25(1)  44(1) 34(1)  11(1) 7(1)  15(1) 
C(10) 25(1)  45(1) 30(1)  19(1) 10(1)  12(1) 
C(11) 25(1)  42(1) 29(1)  -16(1) -10(1)  11(1) 
N(2) 19(1)  21(1) 18(1)  2(1) -2(1)  1(1) 
C(1A) 21(2)  42(2) 41(2)  -19(2) -5(2)  -1(2) 
F(1A) 134(2)  61(1) 32(1)  -9(1) 38(1)  -19(1) 
F(2A) 59(3)  25(1) 44(2)  -12(1) -21(2)  14(2) 
F(3A) 15(1)  137(4) 225(6)  -136(4) -6(2)  9(2) 
S(1A) 22(1)  18(1) 24(1)  -2(1) 5(1)  0(1) 
O(1A) 53(3)  18(2) 35(2)  5(1) -3(2)  -10(1) 
O(2A) 21(1)  48(2) 100(3)  -35(2) -1(1)  -2(1) 
O(3A) 138(3)  30(1) 20(1)  6(1) 8(1)  0(2) 
C(1D) 22(3)  22(2) 38(3)  -6(2) -6(2)  -2(2) 
F(1D) 46(2)  29(1) 91(2)  -4(2) -40(2)  7(1) 
F(2D) 51(3)  26(2) 79(4)  -20(2) -19(2)  11(2) 
F(3D) 60(2)  59(2) 85(3)  12(2) 45(2)  17(2) 
S(1D) 28(1)  16(1) 38(2)  2(1) 8(1)  -2(1) 
O(1D) 45(2)  20(3) 40(4)  -6(2) 6(3)  -2(2) 
O(2D) 41(2)  27(1) 80(2)  -1(1) -37(2)  4(1) 
O(3D) 74(3)  39(2) 89(3)  21(2) 54(2)  -2(2) 
Cl(1) 21(1)  29(1) 19(1)  2(1) -1(1)  -4(1) 
 
 
Table 3.27: Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 
10 3) for N1,N1,N5,N5,3,3-hexamethylpentane-1,5- diaminium monotriflate monochloride 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
  
H(1) 13538(17) 6788(8) 8752(13) 24 
H(1A) 12387 5464 8929 43 
H(1B) 13539 5715 7900 43 
H(1C) 11793 6011 7958 43 
H(2A) 14475 5820 10377 46 
H(2B) 15044 6605 10389 46 
H(2C) 15526 6109 9315 46 
H(3A) 12498 6979 10657 26 
H(3B) 11528 6283 10448 26 
H(4A) 10147 6768 8858 22 
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H(4B) 11242 7436 8872 22 
H(6A) 8873 8114 8851 22 
H(6B) 7799 7442 8930 22 
H(7A) 6581 7895 10658 25 
H(7B) 7648 8570 10568 25 
H(8A) 5708 9300 8061 43 
H(8B) 7360 8912 8017 43 
H(8C) 7016 9452 9059 43 
H(9A) 4919 9141 10562 52 
H(9B) 4096 8404 10433 52 
H(9C) 3772 8988 9456 52 
H(10A) 9579 6726 11581 50 
H(10B) 8359 6546 10535 50 
H(10C) 7960 7137 11477 50 
H(11A) 9686 8208 11526 48 
H(11B) 10841 8357 10441 48 
H(11C) 11288 7786 11416 48 
H(2) 5553(17) 8216(8) 8808(13) 23 
 
 
Table 3.28: Torsion angles [°] for N1,N1,N5,N5,3,3-hexamethylpentane-1,5- diaminium 
monotriflate monochloride. Symmetry transformations used to generate equivalent atoms: 
#1 x+1,y,z. 
________________________________________________________________  
C(1)-N(1)-C(3)-C(4) -72.05(14) 
C(2)-N(1)-C(3)-C(4) 162.95(11) 
N(1)-C(3)-C(4)-C(5) -171.06(10) 
C(3)-C(4)-C(5)-C(11) 64.05(14) 
C(3)-C(4)-C(5)-C(10) -58.12(14) 
C(3)-C(4)-C(5)-C(6) -177.08(11) 
C(11)-C(5)-C(6)-C(7) -58.58(14) 
C(10)-C(5)-C(6)-C(7) 63.25(14) 
C(4)-C(5)-C(6)-C(7) -178.17(10) 
C(5)-C(6)-C(7)-N(2) -179.51(10) 
C(6)-C(7)-N(2)-C(8) -68.27(14) 
C(6)-C(7)-N(2)-C(9) 167.10(12) 
F(3A)-C(1A)-S(1A)-O(3A) -62.7(5) 
F(1A)-C(1A)-S(1A)-O(3A) 177.7(3) 
F(2A)-C(1A)-S(1A)-O(3A) 58.6(4) 
F(3A)-C(1A)-S(1A)-O(2A) 177.8(5) 
F(1A)-C(1A)-S(1A)-O(2A) 58.3(4) 
F(2A)-C(1A)-S(1A)-O(2A) -60.8(4) 
F(3A)-C(1A)-S(1A)-O(1A) 57.5(6) 
F(1A)-C(1A)-S(1A)-O(1A) -62.0(5) 
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F(2A)-C(1A)-S(1A)-O(1A) 178.8(5) 
F(3D)-C(1D)-S(1D)-O(3D) -176.1(4) 
F(2D)-C(1D)-S(1D)-O(3D) 63.1(6) 
F(1D)-C(1D)-S(1D)-O(3D) -57.1(5) 
F(3D)-C(1D)-S(1D)-O(1D) -55.0(6) 
F(2D)-C(1D)-S(1D)-O(1D) -175.9(6) 
F(1D)-C(1D)-S(1D)-O(1D) 63.9(5) 
F(3D)-C(1D)-S(1D)-O(2D) 64.7(5) 
F(2D)-C(1D)-S(1D)-O(2D) -56.2(6) 
F(1D)-C(1D)-S(1D)-O(2D) -176.4(4) 
________________________________________________________________  
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This chapter deals with geometry optimizations, energetics, and topological 

properties of the diamine conjugate acid ions from among the following examples shown 

in Chart 4.1.                 
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H+
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H+ D+

TMP-H+ TMP-D+TMP-H+

TMC-H+ TMC-H+ TMC-D+

33HMC-H+ 33HMC-H+ 33HMC-D+

22HMC-H+ 22HMC-H+ 22HMC-D+

22HMC-H+

Tautomer
22HMC-D+

Tautomer  
 

Chart 4.1: TMP, TMC, 33HMC, and 22HMC conjugate acid ions with bridging H+ and 
D+, in equilibrium geometries and the geometries corresponding to the top of the barrier 
for proton transit 
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Table 4.1: NN bond distances, NH bond distances, and NHN bond angles optimized at 
B3LYP/6-31G** level of theory 

                                                    
 

 RNN (Å) rNH (Å) NHN 
TMP-H+a 2.708 1.114 171° 

TMP-H+  a 2.608 1.306 173° 
TMC-H+ 2.734 1.111 183° 

TMC-H+  2.624 1.312 183° 
33HMC-H+ 2.715 1.115 182° 

33HMC-H+  2.616 1.308 182° 
22HMC-H+ 2.743 1.104 187° 
22HMC-H+ 
Tautomer 

2.728 1.112 184° 

22HMC-H+  2.621 1.303 185° 
a Values from reference 9 

 

 

A. Atoms In Molecules 

The theory of Atoms In Molecules (AIM) describes molecular structure in terms 

of the topology of the electron density distribution. In AIM theory, an atom, free or 

bound, is defined as the union of an attractor and its associated basin.1 The atomic basin 

defines the region of space dominated by a particular nucleus, and its properties are 

defined by the gradient vector field of the electron density, ., (which is, in turn, a scalar 

that depends on the Cartesian coordinates, represented below simply as r). The gradient 

vector .(r) is calculated at a continuous succession of points pointing in the direction 

of increasing ., obtaining a trajectory path traced out by the gradient vector leading to a 
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neighboring (3,-3) critical point. (3,-3) critical points occur where all curvatures are 

negative, and . is a local maximum. The first index (3) refers to the number of orthogonal 

1st derivatives equal to zero at this point, and the second index (-3) represents the number 

of negative 2nd derivatives plus the number of positive 2nd derivatives.  If there were a 

local extremum where one 2nd derivatives was negative, one 2nd derivative was positive, 

and the third was an inflection point (i.e. where the 2nd derivative is zero), then such a 

point would be designated a (3,0) point.  The discussion below will confine itself only to 

(3,-1) points (where there are two negative 2nd derivatives and one positive 2nd derivative) 

and (3,-3) points. 

Since (3,-3) critical points in a many-electron charge distribution are generally 

found at the positions of the nuclei, the nuclei act as the attractors of the gradient vector 

field of .(r). The following are some properties associated with the vector .:1 

1. Since the gradient vector of a scalar points in the direction of increasing 

in the scalar, the trajectories of . are perpendicular to the lines of 

constant density (to the contour lines of .). 

2. The vector .(r) is tangent to its trajectory at each point r.  

3. Each trajectory must originate or terminate at a point where all three 

components of the vector .(r) vanishes, i.e. at a critical point in ..  

4. Trajectories cannot cross since .(r) defines exactly one direction at 

each point r.  

Many paths will be carved out that go asymptotic to a surface (which defines the 

boundary of an atom within the molecule), but one path will pass directly through this 
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surface, terminating at the nuclear attractor of a nearest neighbor. This unique path is 

called a bond path.  If a given atom has more than one substituent, there will be a bond 

path going to each atom to which it is ligated. The nucleus from which a gradient vector 

emerges is the attractor, and the atomic basin is the space traversed by all the trajectories 

that emerge from that attractor. The nucleus is a three-dimensional attractor (all three 

curvatures of . are negative at the nucleus) and its associated basin is a region of three-

dimensional space.  

When any two atoms are close enough, there will exist a critical point between 

them, having Cartesian coordinates rc, which will represent a bonding or a repulsive 

interaction. This corresponds to the point where a bond path intersects the surface 

between two nearest neighbor atoms. At this (3,-1) critical point, the first derivative of 

the electron density, ., will be zero in all directions, but the curvature will be negative in 

two directions and positive in a third direction. For a bond critical point, there will be a 

non-zero electron density, .. The bond critical point lies along the path of maximum 

electron density in the directions perpendicular to the bond path, but at the bond critical 

point the electron density is a minimum along the path connecting the two nuclei. 

Electron density exhibits local maxima in all directions only at the positions of the nuclei.  

Bond ellipticity measures deviation of the electron density distribution from axial 

symmetry. At the bond critical point, the ellipticity, /, of the bond provides a measure of 

# overlap, and is given by the following equation: 

/ = 01/02 -1                                                                                           Equation 4.1 
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where 01 and 02 are the two negative curvatures of . at rc (03 is the positive curvature at 

the bond critical point along the bond path). Negative curvatures imply that . is at a 

maximum at rc along the axis of curvature, while a positive curvature implies that . is at 

a minimum at rc along the axis of curvature. In a covalent bond, where the charge density 

is shared by both nuclei, 03 is low in value, and 01 and 02 are greater in absolute value 

than 03.1  

Ellipticity provides a measure of asymmetry, which is ordinarily associated with # 

character of a double bond. The more double bond character a bond has, the greater its 

ellipticity, and the more electron density resides at the bond critical point. Values of .(rc) 

and / translate into electronic effects predicted by orbital models. A positive value of / 

signifies hyperconjugation, and a negative / value, conversely, implies antiaromaticity. 

Therefore, ellipticity relates to the bonding character between two atoms, and arguably, 

the hyperconjugation between two atoms.  

The Laplacian of the charge density defines a chemically important valence-shell 

charge concentration. Upon chemical combination, the shell of charge concentration is 

distorted to yield maxima corresponding in number and relative position to the electron 

pairs anticipated by the Lewis and VSEPR (Valence-Shell Electron Pair Repulsion) 

model of molecular geometry. The Laplacian of the charge density is defined by the 

Atoms in Molecules program (AIM 2000)2 as 

L(. ) = - 2. = - & . = -(12. / 1x2 + 12. / 1y2 + 12. / 1z2),          Equation 4.2                                                            

and is a sink or source of electron density. There exist two types of bonding interactions, 

and the sign of the Laplacian determines the type of interaction. A negative Laplacian 
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value, L(. ) < 0, signifies an ionic bond (where there exists a sink or a local depletion in 

electronic charge). The charge is instead concentrated separately in each atomic basin in 

shell-like regions. These two closed-shell systems interact only electrostatically, and the 

interactions are dominated by the contraction of charge away from the interatomic 

surface toward each of the nuclei. In the case of a negative Laplacian, the value is 

negative over the entire region of interaction.  

A second type of bonding interaction yields a positive Laplacian, L(. ) > 0, which 

signifies a covalent bond (where there exists a source or a local concentration of 

electronic charge). For positive Laplacians, the electronic charge tends to concentrate in 

the internuclear region as a result of the dominance of the perpendicular contractions of . 

towards the bond path. The result is a sharing of electronic energy, as in a covalent bond. 

In these shared interactions, the atoms are bound as a consequence of the lowering of the 

potential energy associated with the concentration of electronic charge between the 

nuclei.1 

The virial theorem from classical mechanics (which applies to quantum systems, 

as well) states that for a central, power law force proportional to rm, the average kinetic 

energy is equal to (m+1)/2  times the potential energy. As will be discussed in greater 

detail below, that means that the virial theorem for purely electrostatic interactions 

requires that the ratio of potential to kinetic energy be V/T=-2. Since the total energy of a 

system is the sum of V and T, that means in turn that the total electronic energy of a 

molecule is equal to the negative of the electron kinetic energy, -T. 
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The potential energy density is everywhere negative, while the kinetic energy 

density is everywhere positive. Thus, the sign of the Laplacian of the charge density L(. ) 

determines which of the two contributions to the total energy is in excess. In regions of 

space where the Laplacian is negative and electronic charge is concentrated, the potential 

energy dominates both the total electronic energy and the virial relationship. Here, the 

charge density is tightly bound and compressed above its average distribution. Where the 

Laplacian is positive and electronic charge is locally depleted, the kinetic energy is in 

local excess and the charge density is expanded relative to its average distribution. The 

pressure is positive, and the kinetic energy contribution to the virial from this region is 

greater than the contribution from the potential energy.1 

The Laplacian of the charge density plays a central role in AIM theory, where 

energy density is proportional to it and inversely proportional to the mass of the electron, 

m: 

 L(r) = %2/4m L(. ) = -(%2/4m) 2.(r)                                                 Equation 4.3 

 The integral of L(r) over an atom 2 to yield L(2) vanishes because of the zero-

flux boundary condition in the gradient vector field of the charge density,   

     .(r) & n(r) = 0, for all r on the surface of 2,                                    Equation 4.4 

where  n(r) is the surface normal. 

There are two expressions for kinetic energy density K(r) (Hamiltonian) and G(r) 

(Lagrangian), which differ by L(r), as given in the following equation: 

 K(r) = G(r) + L(r).                                                                               Equation 4.5 
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It is because L(2) vanishes for an atom after integration that T(2), the electronic 

kinetic energy of an atom has the same identity as does T for the whole system, that is, 

 T(2) = K(2) = G(2).                    Equation 4.6 

 That is to say, the electronic kinetic energy of a molecule can be decomposed into 

the sum of the electronic kinetic energies of the constituent atoms.  

L(r) appears in the expression for the virial theorem, relating a property of the 

charge density to the local contributions to the energy. V(r) is the electronic potential 

energy density, and G(r) is the electronic kinetic energy density.  

 -(%2/4m) 2.(r) = 2G(r) + V(r).                             Equation 4.7 

 The electronic potential energy density and the electronic kinetic energy density 

define the electronic energy density. 

 Ee(r) = G(r) + V(r).                               Equation 4.8 

 Because L(2) vanishes for an atom (a necessary condition for the kinetic energy 

T(2) to be well defined), integration of Equation 4.8 over the basin of an atom yields the 

atomic virial theorem 

 2T(2) = -V(2),                                                                                     Equation 4.9 

and the electronic energy of an atom in a molecule is 

 Ee(2) = -T(2) = % V(2).                                       Equation 4.10 

 This equation yields the average value for the total system when summed over all 

the atoms in the molecule. The electronic energy for an approximate wavefunction, Eel, is 

given by the expectation value of the Hamiltonian for that wavefunction, 
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 Eel = <3>.                           Equation 4.11 

Assuming no external mechanical forces act on the nuclei, the Hamiltonian can be 

defined purely in terms of kinetic energy. An advantage in doing so is the justification of 

atomic basins. The notion of atomic basins to describe fixed nuclei is successful because 

each basin describes the kinetic energy belonging to that nucleus. AIM defines atoms as 

having charge basins, or domains of electron density, and each atom within the molecule 

is defined as a subsystem of the molecule as a whole. The electronic kinetic energies of 

individual atoms, which are the sum of electronic energies minus repulsive energies 

between nuclei, can be summed to yield the energy of the molecule as a whole. 

By the same token, AIM can calculate the net charge belonging to each atomic 

basin. The AIM program was used to calculate the charge on the bridging proton in the 

equilibrium geometry and at the barrier top for N1,N1,N5,N5,3,3-hexamethylpentane-1,5-

diaminium (33HMC-H+). When the proton is equidistant from the two nitrogens, it 

carries a +0.597 charge. When the proton is in the equilibrium geometry, it has a charge 

of +0.604. Therefore, the proton carries more positive charge when it is actually bonded 

to one nitrogen and only hydrogen bonded to the other.  

The AIM program was also used to calculate electron density, ., at the bond 

critical points (called “bond density” below). The . value for the N-H covalent bond is 

0.2664. The . value for the N---H hydrogen bond is 0.0727. The . value for the two 

chemically equivalent N--H bonds at the top of the barrier is 0.1562.  

It is of interest to compare the bond orders associated with the hydrogen bond in 

the equilibrium geometry of N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diaminium 
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(33HMC-H+) with that of the covalent bond. Electron densities at the bond critical points 

(bond density) can be extracted from AIM, and the bond order solved using the following 

equation:3 

Bond Order = eA(.-B)- e-AB                                                            Equation 4.12  

This expression, modified from that originally proposed by Bader et. al in 1983,4 

ensures that the bond order is zero when the bond density is zero. 

A and B are constants which vary slightly with basis set. The bond order-bond 

density relationship is distinct for each pair of atoms, since the values for . for bonds of 

given formal order can vary markedly between different pairs of atoms. Thus, estimating 

relative bond strengths between dissimilar atoms based solely on . values can be 

incorrect. 

To solve for the pair of unknowns, A and B, two equations are needed, one at the 

barrier top and one as a reference. Can the N—H bond at the barrier top be assigned a 

bond order of 0.5? The bond at the barrier top is 0.1562, so the reference system chosen 

must have a bond density less than twice that of the bond density, (i.e. < 0.3125).  

Many molecules were investigated to find one that would meet this requirement. 

NH4
+ was the first choice, but its bond density is too high, 0.3422. So, three of the 

hydrogens were replaced by methyl groups, and the bond density was calculated to be 

0.3489. The increase in bond density is due to the fact that methyls are electron-donating, 

thus increasing the electron density at the critical point of the N—H bond. So, we need 

molecules with electron-withdrawing substituents. The 3 methyl groups on the N were 

replaced with more electron withdrawing groups, trifluoromethyls. The bond density was 
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still too high, at 0.3352. It seemed that the groups substituted were not electron-

withdrawing enough, so they were replaced with 3 fluorines. The bond density was still 

not low enough, calculated at 0.3340. There seem to be no N-H bonds that have a bond 

density low enough to solve the equation. So, for the purpose of this estimate, the 

covalent N-H bond in the equilibrium geometry of 33HMC (which has a bond density of 

0.2664) was assigned a bond order of 1.  

The calculation to find the bond order of the hydrogen bond in the equilibrium 

geometry of 33HMC was done at two levels of theory, B3LYP/6-31G** and 

B3LYP/aug-cc-pVTZ//B3LYP/6-31G**. Table 4.2 outlines those results, as well as bond 

orders at the barrier top and for the equilibrium geometry, Laplacian values, and the 

negative eigenvalues of the Hessian. 

 

Table 4.2: Bond densities, Laplacian values, and negative eigenvalues of the Hessian 
caluculated at B3LYP/6-31G**7 and B3LYP/aug-cc-pVTZ//B3LYP/6-31G**8 basis sets 

 B3LYP/6-31G** B3LYP/aug-cc-
pVTZ//B3LYP/6-31G** 

  
. 

 
  

2. 
Hessian 

Eigenvals. 
 
. 

 
  

2. 
Hessian 

Eigenvals. 
33HMC  

Barrier Top 
 

0.1562 
 

0.0998 
-0.4660 
-0.4657 
0.5325 

 
0.1612 

 
0.0727 

-0.4476 
-0.4473 
0.6042 

33HMC  
Equilibrium Geometry 

 
0.2664 

 
0.3433 

-1.0885 
-1.0878 
0.8029 

 
0.2685 

 
0.3065 

-0.9878 
-0.9868 
0.7487 

 

 

As expected, there are two negative eigenvalues and one positive eigenvalue. The 

two negative values represent the surface for which the bond density is a maximum at the 
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critical point, and the positive value represents the axis perpendicular to the interatomic 

surface along which the bond density is a minimum. The ellipticity is nearly zero. Also, 

all L(.) values are positive  (i.e. the values of 2. are all <0), implying that the strong 

hydrogen bonds (both at equilibrium and at the barrier top) are covalent. Note, however, 

that at the barrier top, the value of the positive curvature is greater than the absolute value 

of either of the negative curvatures. 

Ordinary hydrogen bonds have a negative Laplacian and behave like ionic bonds. 

Conversely, strong hydrogen bonds have a positive Laplacian and behave like covalent 

bond. In the case of the 33HMC at the barrier top, the Laplacian value is close to zero, 

but still positive, indicating covalency. At the same time, the magnitude of 03 is bigger 

than the magnitude of 01 and 02, indicative of an ionic bond. These opposing 

characteristics suggest that a proton midway between two nitrogens enjoys a type of 

bonding to its two partners that lies at the border between a covalent and ionic bond. 

With the bond orders and densities of two molecules in hand, Equation 4.12 is 

used for the cases where the bond order is 1 and 0.5. One equation was subtracted by the 

other, and after rearrangement, an expression was obtained where A is the only unknown, 

Equation 4.13, and the results for A, B, and the bond order of interest are outlined in 

Table 4.3. 

1 = % (e-A – e-.5A)-1 * e-A – 2 (e-A – e-.5A)                     Equation 4.13  
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Table 4.3: A and B values, and bond order for hydrogen bond in equilibrium geometry of 
33HMC 
 A B Bond Order for 

Hydrogen Bond 
B3LYP/6-31G** -2.6087 0.0048 0.1612 
B3LYP/aug-cc-
pVTZ//B3LYP/ 

6-31G** 

 
-2.6592 

 
0.0052 

 
0.1647 

 

 

B. Proton Affinities  

 The proton affinity of a molecule is defined as the enthalpy change for 

deprotonation of a cation to give its neutral conjugate base. There is wide interest in gas 

phase proton affinities. One focus of the present work originates from the removal of a 

very weakly acidic proton from a substrate, which is sometimes seen during enzymatic 

catalysis. None of the amino acid sidechains have, by themselves, sufficient basicity to 

accomplish this. Therefore, one hypothesis holds that two bases can come together and 

chelate a proton. Previous investigations on primary diamines have shown that, of the 

acyclic &," diaminoalkanes, putrescine has the highest proton affinity, but that cis-1,5-

diaminocyclooctane is even more basic.5 This provides a model for the hypothesis that a 

pair of amine groups can act in tandem to greatly enhance the basicity of amino acid 

sidechains by forming a strong hydrogen bond between them. 

 The proton affinities of putrescine and cadaverine have been experimentally 

measured in the gas phase to be 1005.6 kJ/mol and 999.6 kJ/mol, respectively.6 The 

proton affinities for N1,N1,N5,N5-tetramethylbutane-1,4-diamine (TMP), N1,N1,N5,N5- 

tetramethylpentane-1,5-diamine (TMC), N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diamine 
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(33HMC), and N1,N1,N5,N5,2,2-hexamethylpentane-1,5-diamine (22HMC) have been 

calculated at the B3LYP/6-311G** level of theory, and are presented in Table 4.4.  

 

Table 4.4: Basis set superposition error, calculated proton affinities, and change in 
enthalpy for extension at 0K (using the Gaussian program suite7) 

 Basis Set 
Superposition Error 

(BSSE in a.u.) 

Calculated 
Proton Affinitya 

(kJ/mol) 

"H0K Extensiona 

(a.u.) 

TMP -0.00090 1049.1 0.02807 
TMC -0.00095 1030.8 0.02158 

33HMC -0.00095 1041.0 0.02280 
22HMC -0.00092 1027.4 0.01946 

a Based on harmonic mode calculations at B3LYP/6-31G** 
  

 

The proton affinities are calculated by taking the difference in electronic energies 

between the protonated ion and the neutral molecule. This value is then corrected for the 

difference in vibrational zero point energies, as well as for the basis set superposition 

error (BSSE), estimated using the counterpoise method. The BSSE is an error that occurs 

in quantum chemistry calculations when the basis functions of two nearby atoms overlap. 

Unless the computation is at the complete basis set limit, each atom can then “borrow” 

functions from nearby atoms, increasing its own basis set. The energy is then calculated 

with some mixed and some unmixed basis sets, thus introducing that error. The 

counterpoise approach uses all mixed basis sets, or “ghost orbitals,” then subtracts this 

energy from the uncorrected energy. 

The acyclic diamine with the highest calculated proton affinity is TMP. The 

calculated 0K proton affinity of TMP in Table 4.4 is slightly higher than its reported 
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300K experimental proton affinity, 1046.3 kJ/mol. The difference in the experimental 

300K proton affinities of putrescine and cadaverine is 6 kJ/mol. The difference in the 

calculated 0K proton affinities of TMP and TMC is more than three times that value, 18.3 

kJ/mol. 22HMC has the lowest calculated 0K proton affinity, which may be due to the 

asymmetry of the molecule. As will be discussed below, the calculated values in Table 

4.4 are subject to further correction, based on the anharmonicity of the NHN 

antisymmetric stretch. 

In calculating the change of enthalpy for ring opening ("H0K in the last column in 

Table 4.4), there is likewise a term corresponding to the change in vibrational zero point 

energies. This term also needs correction, because the zero point energies used in 

constructing the table come from harmonic calculations, which predict a higher zero 

point energy. The sum of zero point energies for the symmetric NN stretch and the 

antisymmetric NHN stretch is, in fact, lower than what harmonic calculations predict. 2-

dimensional anharmonic potential energy surfaces have been constructed (see below), 

and those calculations give, we believe, more accurate (and lower) zero point energies for 

the proton bridged ions. Table 4.5 outlines the 0K proton affinities, taking anharmonic 

zero point energies into account. 
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Table 4.5: Harmonic frequencies for NHNasym and NN sym, anharmonic zero point 
energies, harmonic and corrected ring-opening enthalpies, and corrected proton affinities 

 Harmonic 
Vibrational 
Frequencies 

(cm-1)a 

NHNasym    NN sym 

Anharmonic 
Zero Point 

Energy 
(cm-1) 

"H0K Extension 
(kJ/mol) 

 
Harm     Corr’d 

Corrected 0K 
Proton 

Affinity 
(kJ/mol) 

TMP 2027 133 
(345,446) 

544 73.7 77.9 1052.9 

TMC 2059 153  
(445,483) 

510 56.7 60.5 1034.7 

33HMC 1999 150 
(442) 

548 59.9 63.2 1044.9 

a Values in parentheses represent other vibrations coupled with the symmetric NN stretch 
 

 

The corrected 0K proton affinities give higher values by about 4 kJ/mol. The 

trend of increasing proton affinity remains the same for the harmonic and corrected 

proton affinities, with TMP being the most basic. The endothermicities for opening 

bridged ions to their fully extended conformations are corrected by the same amount in 

considering anharmonic effects. 

 

C. Potential Energy Surfaces 

1.  1-Dimensional Potential Energy Surfaces 

 Vibrational frequencies associated with the NHN bond of 33HMC-H+ (Figure 4.1) 

and 22HMC-H+ (Figure 4.2) have been predicted using harmonic normal mode 

Gaussian7 calculations at the B3LYP/6-31G** level of theory. A harmonic model allows 

the amplitude of each normal mode to be considered independently, but treating the NHN 
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asymmetric stretch as anharmonic no longer permits the assumption that the NHN 

antisymmetric stretch behaves independently of the NN symmetric stretch.  

The following discussion compares 1- and 2-dimensional potential energy 

surfaces (PESs) for protonated 33HMC. The 1-dimensional potential energy curves for 

the antisymmetric NHN stretch of the protonated 33HMC and for the asymmetric NHN 

stretch of the protonated 22HMC are plotted as electronic energy (V, kJ/mol) versus the 

asymmetric stretch coordinate (Å), (R-2r)/$2. The data points that make up the PESs for 

33-HMC-H+ and 22HMC-H+ are listed in Table 4.6 and Table 4.7, respectively.  

 

                

Figure 4.1: 1D potential energy curve for 33HMC-H+ calculated at B3LYP/6-31G** 
level of theory. The first three energy levels are shown in red, and the first three 
wavefunctions are shown in blue. 
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Figure 4.2: 1D potential energy curve for 22HMC-H+ calculated at B3LYP/6-31G** 
level of theory. The first two energy levels are shown in red and the first two 
wavefunctions are shown in blue. Note that the lowest vibrational (zero point) level lies 
above the barrier top, which is 501 cm-1 above the lowest energy of the potential curve.  
 
 
 
 
 
 
 
Table 4.6: NN and NH distances (Å) and corresponding DFT optimized energies (a.u.) 
(B3LYP/6-31G**) for 33HMC-H+ 

R (NH), Å r (NH), Å E, a.u. (R-2r)/$2 Relative E 
2.72 1.11 -544.755281 0.353607 0 
2.66 1.20 -544.754483 0.183876 0.000798 
2.62 1.40 -544.754131 -0.127298 0.00115 
2.78 1.00 -544.750689 0.551627 0.004592 
2.6 1.30 -544.753667 0 0.001614 
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Table 4.7: NN and NH distances (Å) and corresponding DFT optimized energies (a.u.) 
(B3LYP/6-31G**) for 22HMC-H+ 

R (NH), Å r (NH), Å E, a.u. (R-2r)/$2 Relative E 
2.75 1.10 -544.752246 0.388967 4E-06 
2.67 1.20 -544.751057 0.190948 0.001193 
2.81 1.00 -544.748157 0.572843 0.004093 
2.84 0.90 -544.7286 0.735502 0.02365 
2.81 1.73 -544.751123 -0.459689 0.001127 
2.72 1.60 -544.75156 -0.339463 0.00069 
2.62 1.384 -544.75019 -0.104668 0.00206 
2.62 1.35 -544.750014 -0.056577 0.002236 
2.62 1.36 -544.750055 -0.070721 0.002195 
2.62 1.32 -544.749959 -0.014144 0.002291 
2.91 1.85 -544.74973 -0.558699 0.00252 
2.87 1.80 -544.750412 -0.516266 0.001838 
2.96 1.90 -544.748932 -0.594059 0.003318 
2.75 1.65 -544.751534 -0.388967 0.000716 
2.62 1.38 -544.750164 -0.099010 0.002086 
2.62 1.382 -544.750177 -0.101839 0.002073 
2.62 1.31 -544.749968 0 0.002282 
2.62 1.375 -544.750134 -0.091938 0.002116 
2.62 1.32 -544.749959 -0.014144 0.002291 
2.65 1.25 -544.750344 0.106082 0.001906 
2.85 0.85 -544.708025 0.813296 0.044225 
2.83 0.95 -544.741176 0.657709 0.011074 
2.75 1.10 -544.752246 0.388967 4E-06 
2.99 1.95 -544.748035 -0.643564 0.004215 
2.71 1.15 -544.75187 0.289958 0.00038 
2.79 1.70 -544.751329 -0.431400 0.000921 
3.04 2.00 -544.747053 -0.678925 0.005197 
3.13 2.10 -544.744916 -0.756719 0.007334 

 

 The v=0 ! v=1 transition for 33HMC-H+ has a value of 478.6 cm-1 and 248.1 

cm-1, for bridging H+ and D+, respectively (see Table 4.10). The v=1 ! v=2 transition 

has a value of 923.4 cm-1 and 459.7 cm-1, for bridging H+ and D+, respectively. The 

energy levels are not equally spaced, as would be in the case of a harmonic system. The 

zero point energies are 372.0 cm-1 and 231.4 cm-1, for bridging H+ and D+, respectively. 
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In the case of H+, the zero point energy lies above the top of the barrier, but for the case 

of D+, the zero point energy lies below the barrier. In looking at the isotopic ratios, the 

v=0 ! v=1 transition decreases by a factor of 1.9, but the zero point energy goes down 

by a smaller factor (1.6) when substututing a deuterium. For a harmonic vibration, both 

the zero point and the first vibrational transition would decrease by a factor of 1/$2. The 

overall energy from the bottom of the well to v=1 energy in Figure 4.2 decreases by a 

factor of 1.8. The v=1 ! v=2 transition decreases by a value of 2 where H+ is replaced by 

D+, a factor even larger than for the v=0 ! v=1 transition. 

 For the 22HMC-H+ (see Table 4.10 for values), the v=0 ! v=1 transition 

decreases by a factor of 1.8. The zero point energy is even harder to gauge because the 

double wells are asymmetric. Relative to the bottom of the lower well, the zero point 

energy goes down by a factor of 1.4 when substututing a deuterium. Although the change 

in the zero point energy mimics that of a harmonic system, the v=0 ! v=1 factor is still 

greater than the anticipated $2. Because the v=0 ! v=1 isotopic ratio, 1.8, is greater than 

$2, the overall energy from the bottom of the lower well to v=1 also decreases by a factor 

greater than $2, 1.6. 

1-dimensional PESs were also constructed using the same NN and NH distances 

based on single points calculated using the double hybrid functional B2-P3LYP/cc-

pVTZ//B3LYP/6-31G**.8 The potential energy surfaces for the asymmetric NHN 

stretches of 33HMC-H+ and 22HMC-H+ are shown in Figure 4.3 and Figure 4.4, 

respectively. The data points comprising the geometry-constrained points for 33HMC-H+ 

and 22HMC-H+ are listed in Table 4.8 and Table 4.9, respectively. 
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Figure 4.3: 1D potential energy surface for 33HMC-H+ calculated at B2-P3LYP/cc-
pVTZ//B3LYP/6-31G** level of theory.8 The first three energy levels are shown in red, 
and the first three wavefunctions are shown in blue. 
 
 
 
 
 
 
 

             
Figure 4.4: 1D potential energy surface for 22HMC-H+ calculated at B2-P3LYP/cc-
pVTZ//B3LYP/6-31G** level of theory.8 The first two energy levels are shown in red 
and the first two wavefunctions are shown in blue. 
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Table 4.8: NN and NH distances (Å) and corresponding DFT optimized energies (a.u.) 
(B2-P3LYP/cc-pVTZ//B3LYP/6-31G**)8 for 33HMC-H+ 

R (NH), Å r (NH), Å E, a.u. (R-2r)/$2 Relative E 
2.66 1.20 -544.515417 0.183876 0.0007642 
2.62 1.40 -544.51527 -0.127298 0.00091 
2.78 1.00 -544.51198 0.551627 0.004199 
2.72 1.11 -544.51618 0.353607 0 
2.6 1.30 -544.51479 0 0.00139 

 
 
 
 
Table 4.9: NN and NH distances (Å) and corresponding DFT optimized energies (a.u.) 
(B2-P3LYP/cc-pVTZ//B3LYP/6-31G**)8 for 22HMC-H+ 

R (NH), Å r (NH), Å E, a.u. (R-2r)/$2 Relative E 
2.75 1.10 -544.513816 0.388967 0 
2.67 1.20 -544.512801 0.190948 0.001014699 
2.81 1.00 -544.510084 0.572843 0.003731558 
2.84 0.90 -544.491639 0.735502 0.02217698 
2.81 1.73 -544.513525 -0.459689 0.000290625 
2.72 1.60 -544.513557 -0.339463 0.000258785 
2.62 1.384 -544.512333 -0.104668 0.001483159 
2.62 1.35 -544.512123 -0.056577 0.001693432 
2.62 1.36 -544.512180 -0.070721 0.001636213 
2.62 1.32 -544.512022 -0.014144 0.001793861 
2.91 1.85 -544.511026 -0.558699 0.002790333 
2.87 1.80 -544.511849 -0.516266 0.001967182 
2.96 1.90 -544.510090 -0.594059 0.00372642 
2.75 1.65 -544.513406 -0.388967 0.000410025 
2.62 1.38 -544.512305 -0.099010 0.001511037 
2.62 1.382 -544.512321 -0.101839 0.001494921 
2.62 1.31 -544.512010 0 0.001806311 
2.62 1.375 -544.512274 -0.091938 0.001541616 
2.62 1.32 -544.512022 -0.014144 0.001793861 
2.65 1.25 -544.512246 0.106082 0.001570196 
2.85 0.85 -544.472089 0.813296 0.041727242 
2.83 0.95 -544.503545 0.657709 0.010271406 
2.99 1.95 -544.509068 -0.643564 0.004748289 
2.71 1.15 -544.51347 0.289958 0.000341247 
2.79 1.70 -544.513060 -0.431400 0.000756128 
3.04 2.00 -544.507975 -0.678925 0.005840778 
3.13 2.10 -544.505722 -0.756719 0.008093532 
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 In these calculations, the v=0 ! v=1 transitions for 33HMC-H+ have values of 

490.1 cm-1 and 238.1 cm-1, for bridging H+ and D+, respectively (see Table 4.10 for 

values). The v=1 ! v=2 transitions have values of 940.0 cm-1 and 443.7 cm-1, for 

bridging H+ and D+, respectively. The zero point energies are 353.7 cm-1 and 215.4 cm-1, 

for bridging H+ and D+, respectively. Again, the zero point energy is above the top of the 

barrier for H+, and below the top of the barrier for D+. In looking at the isotopic ratios, the 

v=0 ! v=1 transition decreases by a factor of 2.1, and the zero point energy goes down 

by a factor of 1.6 when substututing a deuterium. Both energies decrease by a factor 

greater than $2, and predictably, the energy from the bottom of the well to the v=1 energy 

decreases by a factor greater than $2. The v=1 ! v=2 transition decreases by a value of 

2.1 in the case of a bridging deuterium, consistent with the calculations using B3LYP/6-

31G**. 

 For the 22HMC-H+ (see Table 4.10 for values), the v=0 ! v=1 transition 

decreases by a factor of 1.8. The zero point energy in this case decreases by a factor of $2, 

realtive to the bottom of the well, when substututing a bridging D+ for H+. Since the v=0 

! v=1 transition decreases by a factor greater than $2, the overall energy from the 

bottom of the well to v=1 energy also decreases by a factor greater than $2, 1.6. 

The zero point energy wavefunction has zero nodes and the first vibrational level 

wavefunction has one node. In comparing the potential energy curves calculated using 

energies from B3LYP/6-31G** and B2-P3LYP/cc-pVTZ//B3LYP/6-31G**, both the 

zero point energy and the frequency of the asymmetric stretch are lower when using 

energies calculated at B2-P3LYP/cc-pVTZ//B3LYP/6-31G**.8  
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In sum, the barrier height for 33HMC goes down by 8% in going from B3LYP/6-

31G** to B2-P3LYP/cc-pVTZ//B3LYP/6-31G**,8 but the calculated frequencies show a 

less dramatic change. The v=0 ! v=1 transition changes only by 3%. These differences 

are less pronounced for the 22HMC, but a similar trend is followed. Also, when 

comparing the results from B3LYP/6-31G** to results from B2-P3LYP/cc-

pVTZ//B3LYP/6-31G**,8 there is a decrease in zero point energy. However, as noted 

above, the experimentally observable v=0 ! v=1 transition does not change too much. 

Because similar values are obtained with both B3LYP/6-31G** and B2-P3LYP/cc-

pVTZ//B3LYP/6-31G**,8 this value does not seem to be greatly affected by the level of 

theory, nor by the barrier height.  

 

2.   2-Dimensional Potential Energy Surfaces 

 2-dimensional potential energy surfaces were also constructed for TMP-H+ at the 

two different levels of theory, B3LYP/6-31G** and B2-P3LYP/cc-pVTZ//B3LYP/6-

31G**.8 In the 2-dimensional PESs, the NHN antisymmetric stretch and the NN 

symmetric stretch are treated as separate coordinates. To find the best fit for the 

symmetric and antisymmetric stretch potential energy surface, the Stat 60 script written 

by Dr. Leonard J. Mueller was used. The energy levels for the 2D potential energy 

surface for antisymmetric stretches can be solved by finding the wavefunction of the 

Schrödinger equation,  

E (4)= (- 52/2µ 1) (124/1s1
2) + (- 52/2µ 2) (124/1s2

2) + V(4),                      Equation 4.14 
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where s1 and s2 are the symmetric stretch and antisymmetric stretch symmetry 

coordinates, respectively. In the limit of treating this as a linear triatomic system, s1 and 

s2 are separate and orthogonal. The contribution from the symmetric stretch can be 

separated from the contribution from the antisymmetric stretch. The reduced mass used 

for this and subsequent calculations is µ2 = Mm/(2M+m) = 14/29, where M is the mass of 

the flanking heavy atoms (taken to be the same) and m is the mass of the bridging hydron. 

 

                                     

Figure 4.5: 2-dimensional potential energy surfaces calculated at B3LYP/6-31G** for 
TMP-H+. The wavefunctions are depicted with heavy black lines. The dashed blue line 
shows a curve passing through both potential energy minima as well as the lowest energy 
barrier top, and the dashed red line shows a curve passing through both minima and the 
maximum of the wavefunction. 
 

 

In Figure 4.5, the green lines represent the s1 and s2 coordinates. A direct cut 

across the s2 coordinate holds the NN distance fixed, and can be used to give a 1-

dimensional curve. The blue dashed line shows a path that passes through both potential 

energy minima as well as the lowest energy barrier top, in which the NHN distance was 
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held fixed while optimizing the geometry. This is the method for construction of the 1-

dimensional curves previously discussed. The red dashed line shows the gradient path 

passing through the maximum of the wavefunction (depicted in heavy black contours) as 

well as the potential energy minima, which would give a path that depends on isotope. 

Those latter calculations were not performed and are not presented here.  

The cut across the 2-dimensional surface for TMP-H+ calculated at B3LYP/6-

31G** is shown in Figure 4.6. The cuts across the 2-dimensional surface for TMP-H+ 

and TMP-D+ calculated at B2-P3LYP/cc-pVTZ//B3LYP/6-31G** is shown in Figure 4.7. 

 

                                  

Figure 4.6: Potential energy curve corresponding to the straight cut from minimum to 
minimum across the 2-dimensional surface for TMP-H+ at B3LYP/6-31G**. The dashed 
red line represents the zero point wavefunction, and the dotted blue line represents the 
second wavefunction.9 
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                  4.7A                                                    4.7B 
 

                    
 
Figure 4.7: Potential energy curves (y-axes in cm-1) corresponding to the straight cut 
from minimum to minimum across the 2-dimensional surface for TMP @ B2-P3LYP/cc-
pVTZ//B3LYP/6-31G**8 for bridging H+ (TMP-H+, 4.7A) and bridging D+ (TMP-D+, 
4.7B). The red lines represent the zero points and their associated wavefunctions, and the 
blue lines represent the first vibrationally excited levels of the antisymmetric stretch and 
their associated wavefunctions. The dashed arrows correspond to the barrier height, 
which is independent of isotope. 
 

 When the bridging H+ is replaced with D+, the reduced mass for the 

antisymmetric stretch becomes µ2 = mM/(2M+m) = 14/15 and the zero point level falls 

below the central barrier. In the case of the bridging H+, the zero point level is only 

slightly higher than the barrier top, by about 10 cm-1. 

 For TMP-H+ calculated at the B2-P3LYP/cc-pVTZ//B3LYP/6-31G** level of 

theory, 8 the v=0 ! v=1 transition has a value of 538.0 cm-1 and 282.0 cm-1, for bridging 

H+ and D+, respectively (see Table 4.10 for values). The zero point energies are 765.0 

cm-1 and 653.0 cm-1, for bridging H+ and D+, respectively. In looking at the isotopic ratios, 

the v=0 ! v=1 transition decreases by a factor of 1.9, and the zero point energy goes 
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down by a factor of 1.2 when substututing a deuterium. The zero point energy decreases 

by a factor less than $2, and the v=0 ! v=1 transition decreases by a factor greater than 

$2. If one were to measure the distance from the bottom of the well to the v=1 energy 

level, then the decrease would be close to $2. However, this appears to be fortuitous, for 

this is not the case for all 2-dimensional potential energy surfaces constructed. 

 In comparing the potential energy surfaces constructed for TMP-H+ using 

energies calculated at B3LYP/6-31G** and B2-P3LYP/cc-pVTZ//B3LYP/6-31G**,8 

there is not a large difference between the v=0 ! v=1 transitions calculated for H+ or for  

D+, but the zero point energies calculated for H+ and D+ are lower in the double hybrid 

calculations.  

 A 2-dimensional PES was also constructed for TMC-H+ using the B2-P3LYP/cc-

pVTZ//B3LYP/6-31G** level of theory and is shown in Figure 4.8. 
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Figure 4.8: The 2-dimensional potential energy surface calculated at B2-P3LYP/cc-
pVTZ//B3LYP/6-31G**8 for TMC-H+, fitted to 124 independent data points; RMS 
deviation = 0.020 kJ/mol. The heavy black contour represents the wavefunction 
corresponding to a bridging proton. 
 
 

 For TMC-H+, the v=0 ! v=1 transition has a value of 535.5 cm-1 and 457.8 cm-1, 

for bridging H+ and D+, respectively (see Table 4.10 for values). The zero point energies 

are 769.0 cm-1 and 655.6 cm-1, for bridging H+ and D+, respectively. In looking at the 

isotopic ratios, the v=0 ! v=1 transition decreases by a factor of 1.17, and the zero point 

energy also goes also down by a factor of 1.17 when substututing a deuterium. Therefore, 

the distance from the bottom of the well to the v=1 energy level decreases by a factor of 

1.17. The agreement between these two factors appears to be fortuitous. Sometimes the 

factor is greater than $2, and sometimes it is less than $2. 

Similarly, 2-dimensional PESs were constructed for 33HMC-H+ with a bridging 

H+ and a bridging D+, as shown in Figures 4.9. A curve for a straight cut from minimum 

to minimum of that surface is shown in Figures 4.10.  
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    4. 9A                                                 4.9B    

                       
Figure 4.9: 2-dimensional potential energy surfaces calculated at B2-P3LYP/cc-
pVTZ//B3LYP/6-31G**8 for 33HMC conjugate acid ions with bridging H+ (33HMC-H+, 
4.9A) and bridging D+ (33HMC-D+, 4.9B), fitted to 711 independent data points; RMS 
deviation = 0.024 kJ/mol. The potential energy surfaces are identical; the heavy black 
contours represent the wavefunctions. 
 
 
 
 
 
 
            4.10A                       4.10B 
 

               
Figure 4.10: Potential energy curves (y-axes in cm-1) corresponding to the straight cut 
from minimum to minimum across the 2-dimensional surface in Figure 4.10 calculated at 
B2-P3LYP/cc-pVTZ//B3LYP/6-31G**8 for protonated 33HMC with bridging H+ 
(33HMC-H+, 4.10A) and bridging D+ (33HMC-D+, 4.10B). 
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For the 2-dimensional surface for 33HMC-H+ calculated at the B2-P3LYP/cc-

pVTZ//B3LYP/6-31G** level of theory, 8 the v=0 ! v=1 transition has a value of 561.0 

cm-1 and 303.0 cm-1, for bridging H+ and D+, respectively (see Table 4.10 for values). 

The zero point energies are 752.0 cm-1 and 638.0 cm-1, for bridging H+ and D+, 

respectively. In looking at the isotopic ratios, the v=0 ! v=1 transition decreases by a 

factor of 1.9, and the zero point energy goes down by a factor of 1.2 when substututing a 

deuterium. The zero point energy decreases by a factor less than $2, and the v=0 ! v=1 

transition decreases by a factor greater than $2. If one were to measure the distance from 

the bottom of the well to the v=1 energy level, then the decrease would be close to $2. 

Again, the fact that the factor is close to $2 may be fortuitous, because the zero point 

energy in the 2-dimensional calculations includes the zero point energy of the NN 

symmetric stretch as well as that of the NHN antisymmetric stretch.  

The construction of a 2-dimensional PES for 22HMC-H+ is beyond our current 

computational capabilities. The asymmetry renders the problem too difficult, at present. 

However, if the trend observed for 33HMC-H+ is correct, the the 2-dimensional analysis 

would compute a v=0 ! v=1 value higher than that calculated in the 1-dimensional 

analysis. Since the1-dimensional analysis predict the v=0 ! v=1 transition to be 1307.5 

cm-1 and 1331.6 cm-1 for B3LYP/6-31G** and B2-P3LYP/cc-pVTZ//B3LYP/6-31G**,8 

respectively, the 2-dimensional surface should predict a value > 1300 cm-1 for the 

asymmetric stretch of 22HMC-H+.  

The zero point energy in the 2-dimensional analyses includes inseparable 

contributions from both the symmetric NN stretch and the asymmetric NHN stretch. 
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When substituting a bridging D+ for H+, the zero point energy is slightly perturbed by the 

change in the NN symmetric stretch. If the bridging hydron’s equilibrium position were 

exactly halfway between the nitrogens, then the NN symmetric stretch would remain 

unaffected in isotopic substitutions. However, for the case of 22HMC-H+, the bridging 

H+/D+ is not in the middle, neither for the equilibrium geometry nor at the barrier top, and 

a greater perturbation in the NN symmetric stretch zero point energy is expected than in 

the case of the 33HMC conjugate acid ions. 

In comparison with the 1-dimensional analyses, the surfaces obtained from the 2-

dimensional analyses predict higher frequencies and higher zero point energies for both 

bridging H+ and bridging D+. The zero point energy is higher in the 2-dimensional 

analysis because it includes the contribution from the NN symmetrical stretch. The 

reasons why the v=0 ! v=1 transitions are predicted at higher frequencies remain to be 

accounted for. 

As is the case with all the potential energy surfaces presented, the zero point 

wavefunction has no nodes, while the v=1 wavefunctions have one node. By visulaizing 

the 2-dimensional wavefunctions, it is possible to discern which levels correspond to v=1 

for the NN symmetric stretch versus those that correspond to the NHN antisymmetric 

stretches. An important characteristic of the zero point wavefunctions are their relatively 

flat tops. It is interesting that the most probable position of bridging proton (or deuteron) 

is close to the midpoint between both nitrogens, which is not something one would 

intuitively expect (since being equidistant from both nitrogens corresponds to a local 
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maximum on the potential energy surface). This result is, however, consistent with solid 

state NMR results for salts of TMP.10 

The potential energy surfaces are calculated in order to predict an observable, the 

v=0 ! v=1 vibrational transition. There is no way to measure the zero point energies, nor 

the barrier heights. With vibrational spectroscopy (which will be discussed in the next 

chapter), the first vibrational transitions can be measured, and those are the values we 

have attempted to predict by constructing these potential energy surfaces.  
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Table 4.10: Barrier heights for H+ and D+ transfer, zero point energies (for H+ and D+) 
and frequency of antisymmetric NHN/NDN stretch for 1- and 2-dimensional potential 
energy surfaces calculated at B3LYP/6-31G** and B2-P3LYP/cc-pVTZ//B3LYP/6-
31G** levels of theory8 

 Barrier 
Height 
(cm-1) 

ZPEH 
(cm-1) 

ZPED 
(cm-1) 

v=0 ! v=1H 
(cm-1) 

v=0 ! v=1D 
(cm-1) 

33HMC -1D 
B3LYP/6-31G** 

302.7 372.0a 231.4a 478.6 248.1 

33HMC-1D 
B2-P3LYP/cc-

pVTZ//B3LYP/6-
31G** 

276.5 353.7a 215.4a 490.1 238.1 

22HMC -1D 
B3LYP/6-31G** 

529.8 776.0a 574.7a 1307.5 711.2 

22HMC-1D 
B2-P3LYP/cc-

pVTZ//B3LYP/6-
31G** 

508.6 704.3a 502.4a 1331.6 736.8 

33HMC-2D 
B2-P3LYP/cc-

pVTZ//B3LYP/6-
31G** 

590.0 752.0b 638.0b 561.0 303.0 

TMC-2D 
B2-P3LYP/cc-

pVTZ//B3LYP/6-
31G** 

470.0 769.0b 655.6b 535.5 457.8 

TMP-2D 
B3LYP/6-31G** 

755.0c 799.0c 600.0c 544.0c 288.0c 

TMP-2D 
B2-P3LYP/cc-

pVTZ//B3LYP/6-
31G** 

755.0 765.0b 653.0b 538.0 282.0 

a Zero point energies take only antisymmetric stretch into account 
b Zero point energies take contributions from both antisymmetric NHN and symmetric 
NN stretch into account 
c Values from reference 9 
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Appendix 4.1 
 
1-Dimensional Mathematica script for 33HMC and 22HMC: 
 
rawdata = {R, r, E} 
 
ListPlot [data, PlotRange ! All] 
 
Fit = Fit[data, {1, x, x^2, x^3, x^4, x^5, x^6, x^7, x^8}, x]; 
Fit = Normal[fit] 
0.00240978 + 0.00238728 x -0.0349865 x^2 -0.0610562 x^3 +0.188947 x^4 +0.271872 
x^5 -0.385657 x^6 -0.279402 x^7 + 0.49103 x^8 
 
Show[ListPlot[data, PlotStyle ! Red], Plot[fit, {x, -1, 1}, PlotStyle ! Purple 
 
(*mass in au)m = (14*1/(14+14+1)) * (16726/9.10953); 
 
Show[Plot[fit, {x, -2, 2}, PlotStyle ! Purple], 
Plot[100*2*x^2, {x, -2, 2}, PlotStyle ! Green]] 
 
Alphaa = Sqrt[.03*2m/hbar^2] 
(*habr in Js*) 
hbar = 1; 
7.29271 $(1/hbar^2) 
 
psi[n_] := (1/ (2^nFactorial [n])^ (1/2)) 
(alphaa/Pi) ^ (1/4) Exp[-alphaa (x) ^2/2] HermiteH[n, Sqrt [alphaa] (x)] 
 
numpts = 40; 
 
matHO = hbar * alphaa hbar / mTable[(I +1/2) KroneckerDelta [I,j], {I, 0, numpts}, {j, 0, 
numpts}]; 
 
omega = alphaa hbar/m; 
aunit = Sqrt[hbar / (2m omega)]; 
 
matX = aunit Table [Sqrt[i] KroneckerDelta [I -1, j] + Sqrt[j] KroneckerDelta [i+1, j], {I, 
0, numpts}, {j, 0, numpts}]; 
 
V = Normal[fit] – % alphaa^2 hbar^2 /m x^2 
0.00240978 +0.00238728 x -0.0649865 x^2 -0.0610562 x^3 +0.188947 x^4 +0.271872 
x^5 -0.385657 x^6 -0.279402 x^7 +0.49103 x^8 
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matV = 0.00240978IdentityMatrix[numpts+1] +0.00238728 matX -0.0649865 
matX.matX -0.0610562 matX.matX.matX +0.188947 matX.matX.matX.matX +0.271872 
matX.matX.matX.matX.matX -0.385657 matX.matX.matX.matX.matX.matX -0.279402 
matX.matX.matX.matX.matX.matX.matX +0.49103 
matX.matX.matX.matX.matX.matX.matX.matX; 
 
H = matV + matHO; 
 
{Energy, Coefficients} = Eigensystem [H//N]; 
Energy; 
Coefficients; 
Sort[Energy}; 
Energy[[-1]] 
0.00353886 
 
kjpermol = Energy*2625.5 
{1.02604e7, 7.09209e6, 5.10338e6, 3.41605e6, 2.71125e6, 1,75955e6, 1.46692e6, 
922384, 792210, 481953, 421685, 247782, 218989, 124094, 109876, 600096, 52712.4, 
27805.7, 23902.9, 12285.1, 10126, 5198.32, 3987.99, 2177.06, 1516.42, 1016.7, 811.36, 
725.383, 653.843, 575.431, 496.66, 422.264, 353.137, 289.194, 230.445, 177.055, 
129.326, 87.6831, 52.9774, 24.9452, 9.29127} 
 
kjpermol [[-2]] – kjpermol [[-1]] 
15.654 
 
psif = Table[Sum[Coefficients[[j+1, i+1]] psi[i], {I, 0, numpts}], {j, numpts, 0, -1}]; 
 
wf = Table[psi[i], {I, 0, numpts}]; 
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(wavenumber = (Energy[[-2]] – Energy[[-1]]) * (4.359*10^-18)) / (6.626*1-^-34) / 
(3.0*10^10) 
1307.5 
 
ZPE = Energy[[-1]]*(4.359*10^-18) / (6.626*10^-34) / (3.0*10^10) 
776.0 
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Appendix 4.2 
 
2-Dimensional Mathematica script for TMC and 33HMC:  
 
hamiltonian[V_] @ psi_ := -hbar^2/(2 m1) D[psi,{s1,2}] -hbar^2/(2 m2) D[psi,{s2,2}] + 
V psi 
 
psip[n_,m_,s1_,s2_]:= (1/(2^n Factorial[n])^(1/2)) (alphas1/Pi)^(1/4) HermiteH[n, 
Sqrt[alphas1](s1-s1off)] Exp[-alphas1 (s1-s1off)^2 /2] (1/(2^m Factorial[m])^(1/2)) 
(alphas2/Pi)^(1/4) HermiteH[m, Sqrt[alphas2](s2)] Exp[-alphas2 (s2)^2 /2]//N 
 
psi[n_,numk_,s1_,s2_]:=psip[Mod[n,numk+1],Floor[n/(numk+1)],s1,s2]  
 
Hkl=psi[k,numk,s1,s2] hamiltonian[V]@(psi[l,numk,s1,s2])//TrigToExp//Together; 
 
index[n_,numk_]:={Mod[n,numk+1],Floor[n/(numk+1)]}  
 
Table[(numk+1)*nn+k,{nn,0,4},{k,0,numk,1}]//MatrixForm  
 
Table[{Mod[i,numk+1],Floor[i/(numk+1)]},{i,0,34}] 
 
Hmat[numpts_]:=Module[{Hhalf,H},H=Table[0,{k,0,numpts},{l,0,numpts}]; 
Do[H[[k+1,l+1]]=NIntegrate[Hkl, {s1,0,8}, {s2,-4,4},  
AccuracyGoal = 8]; 
Print[{k,l,H[[k+1,l+1]]}]],{k,0,numpts},{l,0,numpts}]; H] 
m1= (14) (16726/9.10953);  
m2= (14/29) (16726/9.10953);  
hbar = 1;  

econ=(4.184 1.661 10 /(4.35944 10 )); (* au/(kcal/mol) *)  
econpp=( 1.661 10-21/(4.35944 10-18)) ;(* au/kJ/mol *)  
econp=1/(4.35944 10-18) (* au/Joule*)  
dcon=(1/0.529167); (* au/angstrom *)  
2.2938761017  

pot[s1_,s2_]:= v14  
s14 + v12 s12+v24 s24 + v22 s22+vx s12 s22  

pot[s1,s2]  
s12 v12+s14 v14+s22 v22+s24 v24+s12 s22 vx  
sevana3={v12->-0.19123485721936623`,v14->0.028124141050246566`,v22- 
>0.4443021666165578`,v24->0.24243655530479824`,vx->-0.1367314584709433`} 
pot[s1,s2]/.sevana3 
 -0.191235 s12+0.0281241 s14+0.444302 s22-0.136731 s12 s22+0.242437 s24 

Plot[pot[1.9,s2]/.sevana3,{s2,-0.5,0.5}] 
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x1a=x1au/dcon  
x2a=x2au/dcon  
0.529167 x1au  
0.529167 x2au 
 
lineshape2[c1_,s12_,s14_,s16_,s22_,s24_,s26_,s12s22_,s14s24_,s1_,s2_]:=c1+s12 
s12+s14 s14+s22 s22+s24 s24+s16 s16+s26 s26+s12s22 s12 s22+s14s24 s14 s24 

 
lineshape3[c1_,s12_,s14_,s22_,s24_,s12s22_,s14s24_,s1_,s2_]:=c1+s12 s12+s14 s14+s22 
s22+s24 s24+s12s22 s12 s22+s14s24 s14 s24 

 
pes=lineshape3[0.3305855946866916`,- 
0.19284466209896198`,0.028256904382216244`,0.36887344045968856`,0.3979968774 
417162`,-0.11644940341694789`,- 
0.010823424115656646,x1a,x2a]/.x1au®(s1)/.x2au®s2//Expand 
 
0.330586 -0.0539999 s12+0.00221562 s14+0.103291 s22-0.00913079 s12 s22+0.0312069 
s24-0.0000665437 s14 s24 

 
pes 

0.330586 -0.0539999 s1 +0.00221562 s1 +0.103291 s2 -0.00913079 s1 s2 +0.0312069 
s24-0.0000665437 s14 s24 

 
Table[pes[[i]],{i,Length[pes]}]  
{0.330586,-0.0539999 s12,0.00221562 s14,0.103291 s22,-0.00913079 s12 s22,0.0312069 
s24,-0.0000665437 s14 s24} 
 
pts1=-pes[[2]]/.s1®1  
pts2=pes[[4]]/.s2®1  
0.0539999  
0.103291 
 
alphas1=Sqrt[ 2 (pts1) m1/(hbar)^2]  
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alphas2=Sqrt[ 2 (pts2) m2/(hbar)^2]/2  
52.6894  
6.76596 
s1off=3.6{psi[n_,numk_,s1_,s2_]:=psip[Mod[n,numk+1],Floor[n/(numk+1)],s1,s2]} 
138 
 
V=pes  
0.330586 -0.0539999 s1 +0.00221562 s1 +0.103291 s2 -0.00913079 s1 s2 +0.0312069 
s24-0.0000665437 s14 s24 

 
NIntegrate[Hkl/.k®0/.l®0//Chop,{s1,0,8},{s2,-4,4}]  
0.00563899  
H=Hmat[numpts=50];  
{0,0,0.00563899} 
{1,0,0.00200039}  
{2,0,0.00085424}  
{3,0,0.0000722086}  
{4,0,9.7672610-7}  
{5,0,0.610-9}  
{6,0,0.610-9}  
{7,0,0.610-9}  
{8,0,0.} 
{9,0,0.}  
{10,0,0.}  
{11,0,0.}  
{12,0,0.}  
{13,0,0.}  
{14,0,0.}  
{15,0,0.}  
{16,0,-0.00335413}  
{17,0,-0.000725465}  
{18,0,-0.0000160282}  
{19,0,-1.00576610-7}  
{20,0,0.610-9}  
{21,0,0.610-9}  
{22,0,0.610-9}  
{23,0,0.610-9} 
{24,0,-3.47008610 }  
{25,0,6.34529610-159}  
{26,0,-1.26906610-157}  
{27,0,2.43659610-156}  
{28,0,-2.27415610-155}  
{29,0,2.07923610-154}  
{30,0,-2.49507610-153}  
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{31,0,1.99606610-152}  
{32,0,0.000534408}  
{33,0,-0.0000324357}  
{34,0,-1.8591610-6} 
{35,0,-5.80227610-8}  
{36,0,0.610-9}  
{37,0,0.610-9}  
{38,0,0.610-9}  
{39,0,0.610-9}  

{40,0,-7.93162610 }  
{41,0,2.03049610-157}  
{42,0,-3.24879610-156}  
{43,0,4.54831610-155}  
{44,0,-5.19807610-154}  
{45,0,5.82183610-153}  
{46,0,-5.32282610-152}  
{47,0,5.32282610-151}  
{48,0,0.610-9}  
{49,0,0.610-9}  
{50,0,0.610-9} 
 
{Energy,Wavefunctions}=Eigensystem[H//N//Chop[#,10-8]&]; 
psif=Table[Sum[Wavefunctions[[j+1,i+1]] psi[i,numk,s1,s2],{i,0,numpts}],{j,numpts,0,- 
1}];  
Energy 
{0.068637,0.058358,0.0573187,0.0558844,0.0549921,0.0522908,0.0490995,0.0472206,0
 .045882,0.0445082,0.0426557,0.0420468,0.0416519,0.0409836,0.0381468,0.0378212,0. 
0373997,0.0365305,0.034565,0.0344441,0.0332973,0.0326906,0.0300591,0.0284148,0.0 
277915,0.0273038,0.0256842,0.0252927,0.0243834,0.0239797,0.0227962,0.0209691,0.0 
209039,0.0208786,0.0188295,0.0179657,0.0178052,0.0177608,0.0157746,0.015207,0.01 
51455,0.0129069,0.0128386,0.0121968,0.0105468,0.0104554,0.00832908,0.00826661,0. 
0061211,0.00607526,0.00364136} 
 
ef=Table[Energy[[j+1]],{j,numpts,0,-1}];  
ef-ef[[1]]  

(ef-ef[[1]])/ (4.556 10 ) 
 
{0.,0.0024339,0.00247975,0.00462526,0.00468772,0.00681407,0.0069054,0.00855543,0
 .00919727,0.00926551,0.0115041,0.0115656,0.0121333,0.0141195,0.0141638,0.014324 
4,0.0151881,0.0172373,0.0172626,0.0173277,0.0191549,0.0203384,0.0207421,0.021651 
3,0.0220429,0.0236624,0.0241501,0.0247735,0.0264177,0.0290493,0.0296559,0.030802 
8,0.0309237,0.0328892,0.0337583,0.0341798,0.0345054,0.0373422,0.0380106,0.038405 
4,0.0390144,0.0408668,0.0422407,0.0435793,0.0454582,0.0486494,0.0513507,0.052243
 ,0.0536774,0.0547166,0.0649957} 
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{0.,534.22,544.282,1015.2,1028.91,1495.63,1515.67,1877.84,2018.72,2033.69,2525.05,2 
538.55,2663.14,3099.09,3108.83,3144.06,3333.65,3783.43,3788.97,3803.27,4204.32,446 
4.08,4552.69,4752.27,4838.2,5193.68,5300.72,5437.55,5798.44,6376.05,6509.2,6760.92, 
1406787.46,7218.87,7409.64,7502.16,7573.62,8196.27,8342.97,8429.64,8563.29,8969.9,
927 1.44,9565.25,9977.65,10678.1,11271.,11466.9,11781.7,12009.8,14265.9} 
 
temp=psif[[state=1]](*Conjugate[psif[[state]]]*)//Re//Simplify;  
Plot3D[-temp,{s1,3,5},{s2,-2,2},PlotRange->All] 
 
 
 
 

 
 
 
temp=psif[[state=1]](*Conjugate[psif[[state]]]*)//Re//Simplify;  
ContourPlot[-temp,{s1,3,4.2},{s2,-1.8,1.8},PlotRange->All] 
 
 
 

 
 
 
 
ContourPlot[pes,{s1,3,4.2},{s2,-1.8,1.8},PlotRange->All] 
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temp=psif[[state=2]](*Conjugate[psif[[state]]]*)//Re//Simplify; 
Plot3D[temp,{s1,3,5},{s2,-2,2},PlotRange->All] 
 
 

 
 
temp=psif[[state=3]](*Conjugate[psif[[state]]]*)//Re//Simplify; 
Plot3D[temp,{s1,3,5},{s2,-2,2},PlotRange->All] 
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temp=psif[[state=7]](*Conjugate[psif[[state]]]*)//Re//Simplify; 
Plot3D[temp,{s1,3,5},{s2,-2,2},PlotRange->All] 
 
 

 
 
 
NIntegrate[psif[[state=7]] Conjugate[psif[[state]]],{s1,1,10},{s2,-4,4}]  
1.  
psifp= dcon psif/.{s2®(2 r -R)/ Sqrt[2] dcon,s1®(R)/ Sqrt[2] dcon }//Simplify; 
NIntegrate[psifp[[1]] Conjugate[psifp[[1]]],{R,1,4},{r,0,4}]  
0.99971 temp=psifp[[state=1]](*Conjugate[psif[[state]]]*); Plot3D[-
temp,{R,2.2,3},{r,0.8,2.2},PlotRange->All] 
ContourPlot[temp,{R,2.4,2.95},{r,0.8,1.9},PlotRange->All] 
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dip1=NIntegrate[1/r3 psifp[[1]] Conjugate[psifp[[1]]],{R,1,4},{r,0,4}]  
0.470196 
 
dip1(-1/3  

1.286 
 
r1=NIntegrate[r psifp[[1]] Conjugate[psifp[[1]]],{R,1,4},{r,0,4}]  
1.32769 
 
R1=NIntegrate[ R psifp[[1]] Conjugate[psifp[[1]]],{R,1,4},{r,0,4}]  
2.65539 
 
psi[n_,alpha_,x_]:= (1/(2^n Factorial[n])^(1/2)) (alpha/Pi)^(1/4) HermiteH[n, 
Sqrt[alpha](x)] Exp[-alpha (x)^2 /2]//N 
psip[n_,alpha_,x_]:=10-5 psi[n,alpha,x 10-10] 
 
hbar = 1.05459 10-34;  
c=3.00 108  

k=(2 p c vbar 100)2 m  
dton=0.00001 (*newtons/dynes*);  
m=1.66 10-27 mamu 
3.6108  

0.0000589808 mamu vbar2  

1.66610-27 mamu  
alpha=Sqrt[ k m/(hbar)^2]/2/.mamu®1/.vbar®1500;  
psipm2[y_]=psip[0,alpha,y] 
 
1.6314e-11.1265y2 
 
alpha=Sqrt[ k m/(hbar)^2]/2/.mamu®1/.vbar®1500;  
psipm3[z_]=psip[0,alpha,z] 
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1.6314e-11.1265z2 
 
Plot[psipm3[z],{z,-1,1}] 
 
 
 
 

 
 
 

 
NIntegrate[psipm2[z] ,{z,-1 ,1 }]  
1.  
psitot=psifp[[1]] psipm2[y] psipm3[z] 
 
2.66145e^(-11.1265y2-11.1265z2)e^(-24.1626r2+ 24.1626rR+(253.465-53.0818R)R) (-
8.21056610-144 r6 (-2.75757+R) (-2.48757+R)-3.16644610-155 r5 (-942.301+R) (- 
2.75757+R) (-2.48757+R) (1.27332610-10+R) (935.979 +R) (881997. -6.32138 R+R2)- 
9.89512610-156 r (-3.64905+R) (-2.74916+R) (-2.48535+R) (-0.484094+R) (-1.73338610- 

14+R) (0.472901 +R) (3.5149461012+R) (8.87885 -5.77396 R+R2) (4.20032 -4.0421 
R+R2)+3.95805610-155 r2 (-3.75164+R) (-2.75267+R) (-2.48618+R) (-0.277661+R) 
(0.274025 +R) (2.6362161012+R) (9.06584 -5.78366 R+R2) (4.0065 -3.93304 R+R2)- 
7.91609610-155 r3 (-3.91489+R) (-2.75517+R) (-2.48686+R) (-2.00646610-14+R) 
(1.7574761012+R) (9.3786 -5.79373 R+R2) (3.71216 -3.76017 R+R2)+7.91609610-155 r4 

(-4.24349+R) (-2.75678+R) (-2.48734+R) (8.7873661011+R) (10.055 -5.79324 R+R2) 
(3.19184 -3.42998 R+R2)+9.89512610-157 (-3.57697+R) (-2.74442+R) (-2.48457+R) (- 
0.704024+R) (0.688585 +R) (4.3936861012+R) (8.75255 -5.76565 R+R2) (4.33628 - 
4.11653 R+R2) (0.0261163 -0.00724319 R+R2)) 
 
dip=NIntegrate[1/(Sqrt[r^2+y^2+z^2])3 psitot2,{R,1,4},{r,0,4},{y,-3,3},{z,-3,3}] 
0.450882 
 
dip(-1/3) 1.3041 
144 
 
dip=NIntegrate[1/(Sqrt[r^2+y^2+z^2])3 (3 r2/(r2+y2+z2)-1)/2 psitot2,{R,1,4},{r,0,4},{y,- 
3,3},{z,-3,3}] 0.43289 
 
dip(-1/3) 1.32193 
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dist=NIntegrate[R psitot2,{R,1,4},{r,0,4},{y,-3,3},{z,-3,3}] 2.65539 
 
dist=NIntegrate[r psitot2,{R,1,4},{r,0,4},{y,-3,3},{z,-3,3}] 1.32769 
 
ContourPlot[pes,{s1,-10.,10},{s2,-5,5}] 
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                                                            Appendix 4.3 

 
DFT Results 

                           

B3LYP/6-31G** Electronic Energies (in a.u.) and Zero Point Energies 
(in kJ/mol)7 and B2-P3LYP/cc-pVTZ//B3LYP/6-31G** Electronic  
Energies (in a.u.)8 

                                                                         Eel
B3LYP/6-31G**         ZPE     Eel

B2-PLYP/cc-pVTZ 
 

1 TMP-H+                                                         -426.815719       775.08   -426.625060 
Barrier top for internal proton transfer             -426.814222        766.35a   -426.623677 
Barrier top for internal SN2                               -426.764865       770.19a   -426.576474 
Extended Geometry                                          -426.787477        775.54    -426.595184 
Neutral conjugate Base, Extended Geometry   -426.399946       734.98 -- 
 

2 TMC-H+                                                         -466.125836       850.58    -465.917576 
Barrier top for internal proton transfer             -466.124015        841.91a   -465.915939 
Barrier top for internal SN2                              -466.078891        847.07a    -465.871929 
Extended Geometry                                          -466.104295        850.46    -465.893389 
Neutral conjugate Base, Extended Geometry   -465.716667       809.59 -- 
 

3 33HMC-H+                                                    -544.755219        996.94    -544.516180 
Barrier top for internal proton transfer             -544.753667        988.83a     -544.514795 
Barrier top for internal SN2                             -544.706605      993.56a    -544.468622 
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Extended Geometry                                        -544.732611      997.47    -544.491452 
Neutral conjugate Base, Extended Geometry -544.342450       956.74 -- 
 
 

4 22HMC-H+ 
Tautomer 1 (H+ towards more substituted end)    -544.752250    998.92    -544.513803 
Tautomer 2 (H+ towards less substituted end)      -544.751571    998.22    -544.513525 
Barrier top for internal proton transfer                  -544.749959    989.77a   -544.512022 
Extended tautomer 1 (H+  on more substituted end)-544.733435    997.24 -- 
Extended tautomer 2 (H+  on less substituted end)  -544.733671    997.30 -- 
Neutral conjugate Base, Extended Geometry        -544.343819   956.39       -- 
 
aOne negative force constant 
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Cartesian Coordinates of Geometries Optimized at 
B3LYP/631G**  
 
1 TMP-H+ 
Stoichiometry: C8H21N2 (1+)  
Deg. of freedom: 87 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic    Atomic Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
------------------------------------------------------------------------------- 
1  6 0 -1.622773 0.932354   -0.489091 
2 6 0 -0.742614 1.991907 0.180851 
3 6 0 0.756503 1.983280   -0.181120 
4 1 0 -2.683598 1.138031   -0.315686 
5 1 0 -0.868776 1.969476 1.270205 
6 1 0 -1.161589 2.953421   -0.136137 
7 1 0 0.874991 1.959438   -1.271278 
8 1 0 1.174245 2.945829 0.132975 
9 6 0 1.620792 0.903758 0.484401 
10 7 0 1.346608   -0.486196 0.027430 
11 1 0 1.451878 0.929599 1.566837 
12 1 0 2.683609 1.137937 0.325294 
13 1 0 -1.454733 0.938733   -1.569814 
14 7 0 -1.361174   -0.481538   -0.023994 
15 1 0 -0.252506   -0.586927   -0.000582 
16 6 0 -1.876583   -0.732263 1.355055 
17 1 0 -1.599496   -1.742589 1.658807 
18 1 0 -1.439515   -0.014733 2.048225 
19 1 0 -2.964403   -0.633135 1.363854 
20 6 0 -1.916925   -1.480789   -0.984210 
21 1 0 -1.454106   -1.335977   -1.961061 
22 1 0 -1.698609   -2.486284   -0.621790 
23 1 0 -2.998273   -1.350796   -1.068585 
24 6 0 1.874894   -0.723123   -1.333606 
25 1 0 1.423367   -0.031150   -2.047363 
26 1 0 2.965216   -0.592588   -1.369205 
27 1 0 1.639508   -1.744123   -1.644085 
28 6 0 1.939696   -1.462941 0.966146 
29 1 0 3.030273   -1.349429 1.033827 
30 1 0 1.515794   -1.325225 1.964104 
31 1 0 1.720751   -2.478463 0.626861 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 1.4336692   1.0310059 0.8106675 
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1 TMP-H+ Barrier top for internal proton transfer 
Stoichiometry: C8H21N2 (1+) 
Deg. of freedom: 44 
Full point group: C2 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic    Atomic Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
------------------------------------------------------------------------------- 
 
1 6 0 -0.271832 1.655426   -0.914802 
2 6 0 0.271832 0.721229   -2.002054 
3 6 0 -0.271832   -0.721229   -2.002054 
4 1 0 0.036282 2.689079   -1.113323 
5 1 0 1.368530 0.708067   -1.989978 
6 1 0 -0.000426 1.183218   -2.957186 
7 1 0 -1.368530   -0.708067   -1.989978 
8 1 0 0.000426   -1.183218   -2.957186 
9 6 0 0.271832   -1.655426   -0.914802 
10 7 0 -0.149213   -1.295196 0.478859 
11 1 0 1.366275   -1.635026   -0.931453 
12 1 0 -0.036282   -2.689079   -1.113323 
13 1 0 -1.366275 1.635026   -0.931453 
14 7 0 0.149213 1.295196 0.478859 
15 1 0 0.000000 0.000000 0.560206 
16 6 0 1.576612 1.625246 0.728494 
17 1 0 1.847736 1.312535 1.738820 
18 1 0 2.214715 1.104229 0.013934 
19 1 0 1.744658 2.703327 0.633278 
20 6 0 -0.712817 1.971051 1.482535 
21 1 0 -1.752325 1.672455 1.333585 
22 1 0 -0.396525 1.682111 2.486955 
23 1 0 -0.638809 3.059711 1.388212 
24 6 0 -1.576612   -1.625246 0.728494 
25 1 0 -2.214715   -1.104229 0.013934 
26 1 0 -1.744658   -2.703327 0.633278 
27 1 0 -1.847736   -1.312535 1.738820 
28 6 0 0.712817   -1.971051 1.482535 
29 1 0 0.638809   -3.059711 1.388212 
30 1 0 1.752325   -1.672455 1.333585 
31 1 0 0.396525   -1.682111 2.486955 
--------------------------------------------------------------------- 



!
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Rotational constants (GHZ): 1.4251997   1.0745109 0.8338304 
 
 
1 TMP-H+ Barrier top for internal SN2 
Stoichiometry: C8H21N2 (1+) 
Deg. of freedom: 87 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic    Atomic Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
------------------------------------------------------------------------------- 
1 6 0 -0.345180   -0.276150   0.020730 
2 6 0 -0.328444 1.205942   -0.371081 
3 6 0 0.991063 1.890079 0.009621 
4 6 0 2.096944 0.942418   -0.432486 
5 1 0 -0.270697   -1.046371   -0.734113 
6 1 0 -0.479545 1.284225   -1.452854 
7 1 0 -1.157665 1.733583 0.105037 
8 1 0 1.079868 2.868086   -0.470880 
9 1 0 1.032684 2.063090 1.090930 
10 1 0 2.165145 0.932075   -1.524623 
11 1 0 3.085732 1.207543   -0.040000 
12 7 0 1.670686   -0.405299 0.017866 
13 1 0 -0.259481   -0.562425 1.060576 
14 7 0 -2.178432   -0.580889 0.097536 
15 6 0 2.120074   -1.474821   -0.891976 
16 1 0 3.213911   -1.528158   -0.951007 
17 1 0 1.748758   -2.440124   -0.535758 
18 1 0 1.727596   -1.294624   -1.896640 
19 6 0 2.127111   -0.687966 1.393104 
20 1 0 1.680173   -1.623285 1.743134 
21 1 0 3.218206   -0.786657 1.443107 
22 1 0 1.820683 0.116861 2.064883 
23 1 0 -2.179358   -1.590645 0.249330 
24 6 0 -2.892896   -0.329868   -1.177857 
25 1 0 -2.947725 0.744863   -1.356547 
26 1 0 -2.346989   -0.802774   -1.997705 
27 1 0 -3.908953   -0.733962   -1.146325 
28 6 0 -2.863303 0.030407 1.261943 
29 1 0 -3.878297   -0.362745 1.371012 
30 1 0 -2.298091   -0.187044 2.171236 
31 1 0 -2.923954 1.111547 1.127400 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 1.9306238   0.7173176 0.6765828 



!
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1 TMP-H+ Extended Geometry 
Stoichiometry: C8H21N2(1+) 
Deg. of freedom: 87 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic   Atomic        Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 0.710281 -0.289543 -0.272250 
2 1 0 0.733302 -0.220836 -1.365837 
3 1 0 0.764677 -1.354317 -0.017899 
4 6 0 1.935297 0.454528 0.281294 
5 1 0 1.937994 0.389803 1.389561 
6 1 0 1.831823 1.517750 0.033144 
7 6 0 -0.607570 0.291281 0.270014 
8 1 0 -0.619017 0.210584 1.366350 
9 1 0 -0.658330 1.357439 0.022353 
10 6 0 -1.802250 -0.455702 -0.313043 
11 1 0 -1.719420 -1.528040 -0.118129 
12 1 0 -1.896067 -0.309243 -1.392589 
13 1 0 -3.029038 -0.074025 1.305729 
14 7 0 -3.141497 -0.030675 0.287529 
15 7 0 3.180308 -0.018574 -0.307046 
16 6 0 -4.240724 -0.989817 -0.083593 
17 1 0 -4.358092 -0.976939 -1.167627 
18 1 0 -3.966559 -1.990163 0.251251 
19 1 0 -5.166922 -0.673555 0.396648 
20 6 0 -3.518740 1.385424 -0.056253 
21 1 0 -2.742715 2.062103 0.295889 
22 1 0 -3.620573 1.459545 -1.139551 
23 1 0 -4.467016 1.623144 0.426079 
24 6 0 3.592443 -1.321780 0.207597 
25 1 0 3.789510 -1.314047 1.296265 
26 1 0 2.831130 -2.080294 0.004563 
27 1 0 4.507576 -1.638346 -0.299489 
28 6 0 4.254655 0.961633 -0.158831 
29 1 0 5.148247 0.600870 -0.675295 
30 1 0 3.960414 1.909708 -0.618963 
31 1 0 4.527049 1.157454 0.894561 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 3.7551269   0.3694374 0.3471096



!
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1 TMP-H+ Neutral conjugate Base, Extended Geometry 
Stoichiometry: C8H20N2 

Deg. of freedom: 84 
Standard orientation: 

------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 -0.686011 -0.490114 1.128190 
2 1 0 -0.401103 -0.429039 2.187271 
3 1 0 -0.735532 -1.562547 0.898056 
4 6 0 -2.074711 0.147085 0.989553 
5 1 0 -2.774906 -0.347807 1.693928 
6 1 0 -2.006416 1.195256 1.306513 
7 6 0 0.388039 0.177522 0.260641 
8 1 0 0.425199 1.245191 0.511661 
9 1 0 0.104245 0.116984 -0.794549 
10 7 0 -2.601943 0.142235 -0.376512 
11 6 0 -3.746874 1.033305 -0.505368 
12 1 0 -4.079682 1.059267 -1.548086 
13 1 0 -4.611797 0.731359 0.117990 
14 1 0 -3.462293 2.049896 -0.216053 
15 6 0 -2.935049 -1.196417 -0.845109 
16 1 0 -3.716208 -1.689352 -0.232650 
17 1 0 -3.299522 -1.142735 -1.875698 
18 1 0 -2.049804 -1.837306 -0.842101 
19 6 0 1.765558 -0.464885 0.449758 
20 1 0 2.085794 -0.355097 1.507905 
21 1 0 1.671893 -1.543466 0.269482 
22 7 0 2.786259 0.037432 -0.471986 
23 6 0 3.143191 1.427174 -0.217970 
24 1 0 3.561733 1.591149 0.795463 
25 1 0 3.893417 1.749944 -0.946809 
26 1 0 2.271714 2.076178 -0.332740 
27 6 0 3.971973 -0.808302 -0.455171 
28 1 0 4.691346 -0.451386 -1.199468 
29 1 0 4.485230 -0.829897 0.526853 
30 1 0 3.699787 -1.836469 -0.714629 



!

!
!!!!!166 

--------------------------------------------------------------------- 
Rotational constants (GHZ): 2.8229148   0.4422156 0.4306989 
 
 
2 TMC-H+  
Stoichiometry: C9H23N2(1+) 
Deg. of freedom: 96 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 1.911860 0.627244 -0.469288 
2 1 0 1.743243 0.695385 -1.549842 
3 1 0 3.002770 0.610100 -3.23991 
4 6 0 1.331618 1.877887 0.207191 
5 1 0 1.266273 1.743531 1.293904 
6 1 0 2.086607 2.659131 0.067469 
7 6 0 0.004475 2.446687 -0.338431 
8 1 0 -0.001209 3.511524 -0.083524 
9 1 0 0.014467 2.413736 -1.436652 
10 6 0 -1.339169 1.888572 0.176780 
11 1 0 -2.095991 2.660680 -0.001403 
12 1 0 -1.312171 1.771923 1.266770 
13 6 0 -1.908932 0.636259 -0.499883 
14 1 0 -2.994601 0.589441 -0.366581 
15 1 0 -1.710855 0.670783 -1.575053 
16 7 0 -1.373253 -0.689058 -0.009632 
17 7 0 1.360647 -0.680648 -0.017144 
18 6 0 1.821937 -1.006515 1.350534 
19 1 0 1.415185 -1.974522 1.654810 
20 1 0 2.918297 -1.063335 1.400078 
21 1 0 1.484779 -0.250232 2.061265 
22 6 0 1.807030 -1.745338 -0.943161 
23 1 0 1.439097 -1.541019 -1.951940 
24 1 0 2.903053 -1.812176 -0.983145 
25 1 0 1.419192 -2.712665 -0.613065 
26 6 0 -1.790291 -1.789247 -0.931697 
27 1 0 -2.880624 -1.842388 -0.970500 
28 1 0 -1.398905 -1.589305 -1.929611 
29 1 0 -1.392747 -2.736510 -0.565563 
30 6 0 -1.807912 -0.993596 1.387047 
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31 1 0 -2.897898 -1.055617 1.424890 
32 1 0 -1.377573 -1.948071 1.692138 
33 1 0 -1.462667 -0.211583 2.061099 
34 1 0 -0.263173 -0.652590 -0.018680 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 1.0770173   0.9375639 0.6460047 
 
!

2 TMC-H+ Barrier top for internal proton transfer 
Stoichiometry: C9H23N2(1+)  
Deg. of freedom: 50 
Full point group: CS 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 0.620538 -0.498966 1.867457 
2 1 0 0.671826 -1.573419 1.663240 
3 1 0 0.568841 -0.382788 2.957520 
4 6 0 1.885780 0.184599 1.332449 
5 1 0 1.764023 1.274081 1.303326 
6 1 0 2.647356 0.009427 2.100237 
7 6 0 2.471749 -0.323302 0.000000 
8 1 0 3.526834 -0.030117 0.000000 
9 1 0 2.476832 -1.422069 0.000000 
10 6 0 1.885780 0.184599 -1.332449 
11 1 0 2.647356 0.009427 -2.100237 
12 1 0 1.764023 1.274081 -1.303326 
13 6 0 0.620538 -0.498966 -1.867457 
14 1 0 0.568841 -0.382788 -2.957520 
15 1 0 0.671826 -1.573419 -1.663240 
16 7 0 -0.685809 -0.012494 -1.311750 
17 7 0 -0.685809 -0.012494 1.311750 
18 6 0 -0.990538 1.370295 1.766434 
19 1 0 -1.952782 1.682195 1.355648 
20 1 0 -1.043290 1.411169 2.859802 
21 1 0 -0.220198 2.060540 1.423311 
22 6 0 -1.777473 -0.926289 1.743885 
23 1 0 -1.583887 -1.933005 1.368730 
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24 1 0 -1.840004 -0.962025 2.836774 
25 1 0 -2.731650 -0.571686 1.349234 
26 6 0 -1.777473 -0.926289 -1.743885 
27 1 0 -1.840004 -0.962025 -2.836774 
28 1 0 -1.583887 -1.933005 -1.368730 
29 1 0 -2.731650 -0.571686 -1.349234 
30 6 0 -0.990538 1.370295 -1.766434 
31 1 0 -1.043290 1.411169 -2.859802 
32 1 0 -1.952782 1.682195 -1.355648 
33 1 0 -0.220198 2.060540 -1.423311 
34 1 0 -0.652992 -0.017733 0.000000 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 1.0728374   0.9747596 0.6612605 
 
!

2 TMC-H+ Barrier top for internal SN2 
Stoichiometry: C9H23N2(1+) 
Deg. of freedom: 96 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 0.149271 1.198615 0.860535 
2 6 0 0.521247 -0.134903 0.246897 
3 6 0 -2.241176 0.189409 -0.840360 
4 6 0 -2.167887 1.580053 -0.212319 
5 6 0 -0.733444 2.089730 -0.033842 
6 1 0 0.615856 -1.024051 0.851273 
7 1 0 -0.339947 1.023542 1.824784 
8 1 0 1.061768 1.754258 1.099413 
9 1 0 -1.800734 0.221021 -1.843269 
10 1 0 -3.286400 -0.132002 -0.958588 
11 1 0 -2.719143 2.265581 -0.864452 
12 1 0 -2.692831 1.599154 0.749837 
13 1 0 -0.255484 2.204725 -1.016122 
14 1 0 -0.765280 3.089966 0.409425 
15 7 0 -1.490688 -0.837181 -0.072814 
16 6 0 -2.129991 -1.162073 1.216006 
17 1 0 -3.122161 -1.606872 1.062483 
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18 1 0 -1.511015 -1.880980 1.759450 
19 1 0 -2.244498 -0.268054 1.828421 
20 6 0 -1.323909 -2.064979 -0.870110 
21 1 0 -0.734696 -2.794560 -0.307980 
22 1 0 -2.293681 -2.517721 -1.113644 
23 1 0 -0.806565 -1.835890 -1.805352 
24 1 0 0.624523 -0.237933 -0.823966 
25 7 0 2.600207 -0.023116 0.304288 
26 1 0 2.823023 0.309879 1.241873 
27 6 0 3.150113 -1.379629 0.132846 
28 1 0 2.820461 -1.781689 -0.829278 
29 1 0 4.245555 -1.380269 0.151051 
30 1 0 2.785900 -2.029655 0.931772 
31 6 0 3.122329 0.934970 -0.687148 
32 1 0 2.699948 1.925599 -0.506241 
33 1 0 4.215099 1.005692 -0.647111 
34 1 0 2.834341 0.605193 -1.689119 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 1.3987885   0.6485901 0.5202439 
 
 
2 TMC-H+ Extended Geometry 
Stoichiometry: C9H23N2(1+) 
Deg. of freedom: 96 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 -2.468481 -0.588506 -0.072001 
2 1 0 -2.432487 -1.271092 -0.925094 
3 1 0 -2.586632 -1.182723 -0.838385 
4 6 0 -1.222732 0.290706 -0.032871 
5 1 0 -1.209090 0.952709 -0.910263 
6 1 0 -1.225419 0.930440 0.856348 
7 6 0 0.055647 -0.567163 -0.255552 
8 1 0 0.027269 -1.250223 0.833832 
9 1 0 0.075364 -1.197585 -0.924365 
10 6 0 1.328797 0.286303 0.038000 
11 1 0 1.326049 0.902654 0.944962 
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12 1 0 1.338483 0.976666 -0.814106 
13 6 0 2.601748 -0.571052 0.044715 
14 1 0 2.646582 -1.175140 -0.885714 
15 1 0 2.529489 -1.286044 0.873450 
16 7 0 -3.766909 0.200671 -0.230760 
17 7 0 3.812112 0.216544 0.249096 
18 6 0 -4.922526 -0.701271 -0.572551 
19 1 0 -5.071642 -1.398292 0.252669 
20 1 0 -5.817259 -0.095251 -0.716455 
21 1 0 -4.687929 -1.247528 -1.486088 
22 6 0 -4.084252 1.059432 0.964216 
23 1 0 -5.004422 1.609574 0.766708 
24 1 0 -4.215553 0.408112 1.829048 
25 1 0 -3.265307 1.754673 1.137681 
26 6 0 4.932693 -0.623384 0.664448 
27 1 0 5.229635 -1.367618 -0.098077 
28 1 0 5.801797 0.006337 0.874704 
29 1 0 4.675839 -1.159918 1.582914 
30 6 0 4.171391 1.016435 -0.917835 
31 1 0 5.066192 1.603455 -0.693624 
32 1 0 4.381311 0.403558 -1.815432 
33 1 0 3.373825 1.721889 -1.166820 
34 1 0 -3.626232 0.831854 -1.026424 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 3.5829642   0.2568782 0.2535614 
!
!
3 33HMC-H+  
Stoichiometry: C11H27N2(1+) 
Deg. of freedom: 114 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 1.325252 1.317384 -0.414391 
2 6 0 2.045023 0.000880 0.015006 
3 6 0 1.330770 -1.322387 -0.403031 
4 1 0 2.085896 2.103369 -0.349921 
5 1 0 1.091639 -1.281228 -1.472330 
6 1 0 2.085964 -2.112372 -0.321006 
7 6 0 0.138049 -1.866022 0.396184 
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8 7 0 -1.228753 -1.363382 -0.006898 
9 1 0 0.247033 -1.640593 1.459097 
10 1 0 0.093481 -2.955679 0.299687 
11 1 0 1.081919 1.256661 -1.482190 
12 6 0 0.126211 1.866867 0.376859 
13 7 0 -1.218806 1.351682 -0.006011 
14 1 0 0.111718 2.962223 0.270325 
15 1 0 0.256290 1.667102 1.444268 
16 1 0 -1.206731 -0.248653 -0.014360 
17 6 0 3.387169 -0.007286 -0.758840 
18 1 0 3.983050 -0.890312 -0.507997 
19 1 0 3.225125 -0.009246 -1.842531 
20 1 0 3.984317 0.875801 -0.513744 
21 6 0 2.365784 0.003326 1.521648 
22 1 0 1.475540 0.010744 2.159524 
23 1 0 2.956047 -0.877564 1.794931 
24 1 0 2.955834 0.886247 1.786650 
25 6 0 -1.621892 1.839517 -1.343361 
26 1 0 -2.618049 1.460655 -1.586386 
27 1 0 -1.653337 2.937524 -1.375425 
28 1 0 -0.924477 1.492923 -2.107400 
29 6 0 -2.214726 1.803131 0.991289 
30 1 0 -1.954057 1.417849 1.980433 
31 1 0 -2.258308 2.899460 1.049467 
32 1 0 -3.207739 1.436647 0.718143 
33 6 0 -1.629623 -1.825350 -1.369231 
34 1 0 -1.668344 -2.917045 -1.388967 
35 1 0 -2.615213 -1.421647 -1.604310 
36 1 0 -0.911961 -1.472211 -2.107572 
37 6 0 -2.250010 -1.783818 0.999496 
38 1 0 -2.284494 -2.874286 1.055342 
39 1 0 -1.982176 -1.377720 1.975416 
40 1 0 -3.228093 -1.404202 0.701447 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 0.8601812   0.6152755 0.4670699 
!
!
!
3 33HMC-H+ Barrier top for internal proton transfer 
Stoichiometry: C11H27N2(1+) 
Deg. of freedom: 60 
Full point group: CS 
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Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 0.401046 0.120007 1.832273 
2 1 0 1.464182 0.237617 1.607618 
3 1 0 0.314454 0.073622 2.925304 
4 6 0 -0.394576 1.329133 1.317014 
5 1 0 -1.465369 1.095556 1.279786 
6 1 0 -0.303718 2.076693 2.113089 
7 6 0 0.014324 2.056217 0.000000 
8 6 0 -0.394576 1.329133 -1.317014 
9 1 0 -0.303718 2.076693 -2.113089 
10 1 0 -1.465369 1.095556 -1.279786 
11 6 0 0.401046 0.120007 -1.832273 
12 1 0 0.314454 0.073622 -2.925304 
13 1 0 1.464182 0.237617 -1.607618 
14 7 0 -0.005288 -1.226452 -1.308223 
15 7 0 -0.005288 -1.226452 1.308223 
16 6 0 -1.358701 -1.618720 1.782004 
17 1 0 -1.603600 -2.609360 1.393697 
18 1 0 -1.387286 -1.651027 2.876641 
19 1 0 -2.105665 -0.908079 1.429359 
20 6 0 0.985013 -2.246038 1.746368 
21 1 0 1.973083 -1.988885 1.359928 
22 1 0 1.034003 -2.290922 2.839671 
23 1 0 0.694244 -3.227791 1.367317 
24 6 0 0.985013 -2.246038 -1.746368 
25 1 0 1.034003 -2.290922 -2.839671 
26 1 0 1.973083 -1.988885 -1.359928 
27 1 0 0.694244 -3.227791 -1.367317 
28 6 0 -1.358701 -1.618720 -1.782004 
29 1 0 -1.387286 -1.651027 -2.876641 
30 1 0 -1.603600 -2.609360 -1.393697 
31 1 0 -2.105665 -0.908079 -1.429359 
32 1 0 -0.010215 -1.206118 0.000000 
33 6 0 -0.781428 3.384803 0.000000 
34 1 0 -0.543211 3.985315 0.883052 
35 1 0 -0.543211 3.985315 -0.883052 
36 1 0 -1.862307 3.205032 0.000000 
37 6 0 1.515808 2.401936 0.000000 
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38 1 0 1.774879 2.996379 -0.881997 
39 1 0 1.774879 2.996379 0.881997 
40 1 0 2.168955 1.522857 0.000000 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 0.8879023   0.6122153 0.4731501 
 
 
3 33HMC-H+ Barrier top for internal SN2 
Stoichiometry: C11H27N2(1+) 
Deg. of freedom: 60 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 -0.340261 -0.917777 0.933379 
2 6 0 -1.080245 0.197858 0.229496 
3 6 0 1.746634 0.607927 -0.752504 
4 6 0 2.061382 -0.765957 -0.110342 
5 6 0 0.762164 -1.580756 0.085186 
6 1 0 -1.428493 1.067700 0.765129 
7 1 0 0.063037 -0.538281 1.877122 
8 1 0 -1.051986 -1.697616 1.223440 
9 1 0 1.437424 0.420695 -1.785921 
10 1 0 2.663104 1.215245 -0.803038 
11 1 0 0.343939 -1.836487 -0.898118 
12 1 0 1.026981 -2.533261 0.557167 
13 7 0 0.655585 1.421083 -0.148544 
14 6 0 1.050443 2.123305 1.088019 
15 1 0 1.889906 2.806211 0.901786 
16 1 0 0.205888 2.712554 1.455436 
17 1 0 1.345751 1.417895 1.860746 
18 6 0 0.170793 2.414323 -1.127416 
19 1 0 -0.654837 2.985818 -0.694763 
20 1 0 0.965104 3.116733 -1.411011 
21 1 0 -0.181894 1.911280 -2.031185 
22 1 0 -1.192121 0.188411 -0.845409 
23 7 0 -3.027636 -0.502574 0.320526 
24 1 0 -3.150079 -0.821423 1.281224 
25 6 0 -3.947770 0.620251 0.065721 
26 1 0 -3.742053 1.034939 -0.925062 
27 1 0 -4.995784 0.302686 0.097518 
28 1 0 -3.794721 1.400378 0.814975 
29 6 0 -3.241419 -1.636424 -0.597430 
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30 1 0 -2.548251 -2.445320 -0.357541 
31 1 0 -4.265898 -2.020223 -0.536312 
32 1 0 -3.057196 -1.305241 -1.623061 
33 6 0 2.855515 -0.672203 1.211544 
34 1 0 3.252261 -1.657607 1.474307 
35 1 0 3.707852 0.007319 1.112188 
36 1 0 2.260918 -0.337028 2.064841 
37 6 0 2.954285 -1.510016 -1.129507 
38 1 0 3.891628 -0.970715 -1.300858 
39 1 0 3.211380 -2.506410 -0.758359 
40 1 0 2.453375 -1.630995 -2.095983 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 1.0241847   0.4650509 0.3838193 
 
 
3 33HMC-H+ Extended Geometry 
Stoichiometry: C11H27N2(1+) 
Deg. of freedom  114 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 2.663144   -0.391593 0.023945 
2 1 0 2.721593   -1.318365   -0.555280 
3 1 0 2.808003   -0.673689 1.085090 
4 6 0 1.280201 0.244512   -0.189147 
5 1 0 1.235306 1.200905 0.346479 
6 1 0 1.200619 0.485755   -1.256759 
7 6 0 0.045368   -0.597553 0.238965 
8 6 0 -1.195541 0.235033   -0.217180 
9 1 0 -1.167033 0.312942   -1.313807 
10 1 0 -1.085074 1.249654 0.181146 
11 6 0 -2.544542   -0.341561 0.206610 
12 1 0 -2.726998   -0.251611 1.279680 
13 1 0 -2.634382   -1.393045   -0.072601 
14 6 0 0.017220   -0.785309 1.769954 
15 1 0 0.919047   -1.295403 2.115576 
16 1 0 -0.035403 0.177364 2.291280 
17 1 0 -0.831504   -1.397845 2.095624 
18 6 0 0.050135   -1.969987   -0.463200 
19 1 0 0.102885   -1.862862   -1.552403 
20 1 0 0.910739   -2.564452   -0.148203 
21 1 0 -0.836448   -2.567069   -0.221165 
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22 7 0 3.734237 0.482757   -0.452638 
23 7 0 -3.720684 0.358091   -0.474298 
24 6 0 4.959328   -0.267070   -0.720249 
25 1 0 5.715209 0.406288   -1.134367 
26 1 0 5.388111   -0.743974 0.180879 
27 1 0 4.764154   -1.049026   -1.460382 
28 6 0 4.002836 1.595502 0.453235 
29 1 0 4.346278 1.266750 1.452729 
30 1 0 4.778825 2.234854 0.023309 
31 1 0 3.110738 2.213354 0.588377 
32 6 0 -5.003554   -0.403891   -0.279813 
33 1 0 -5.228138   -0.434777 0.786784 
34 1 0 -5.805337 0.104286   -0.816033 
35 1 0 -4.876840   -1.415679   -0.664769 
36 6 0 -3.875935 1.795427   -0.055908 
37 1 0 -4.716940 2.229798   -0.596689 
38 1 0 -4.067454 1.820820 1.017460 
39 1 0 -2.962925 2.339891   -0.288143 
40 1 0 -3.513855 0.358134   -1.478530 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 1.7399919   0.2564183 0.2434540 
 
 
3 33HMC-H+ Neutral conjugate Base, Extended Geometry 
Stoichiometry: C11H26N2 

Deg. of freedom :  111 
Standard orientation: 

------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 2.621136 -0.351959 0.120737 
2 1 0 2.675513 -1.351280 -0.323814 
3 1 0 2.767595 -0.484593 1.211054 
4 6 0 1.241523 0.257391 -0.164117 
5 1 0 1.145177 1.206188 0.378423 
6 1 0 1.206806 0.506509 -1.232357 
7 6 0 -0.000493 -0.611364 0.187570 
8 6 0 -1.242296 0.256342 -0.167882 
9 1 0 -1.217584 0.484235 -1.241129 
10 1 0 -1.136804 1.215033 0.355249 
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11 6 0 -2.621139 -0.341737 0.143997 
12 1 0 -2.764081 -0.430458 1.239248 
13 1 0 -2.677027 -1.358257 -0.259737 
14 6 0 -0.002664 -0.964007 1.689511 
15 1 0 0.879105 -1.551085 1.964330 
16 1 0 -0.007224 -0.059387 2.308947 
17 1 0 -0.881617 -1.557188 1.960342 
18 6 0 0.000705 -1.907416 -0.648925 
19 1 0 0.011855 -1.684305 -1,721759 
20 1 0 0.872999 -2.529892 -0.427369 
21 1 0 -0.882159 -2.520668 -0.444223 
22 7 0 3.716871 0.428175 -0.465064 
23 7 0 -3.718661 0.414270 -0.469165 
24 6 0 4.963307 -0.326007 -0.447843 
25 1 0 5.750040 0.249637 -0.946276 
26 1 0 5.318427 -0.568904 0.573401 
27 1 0 4.836985 -1.267058 -0.992732 
28 6 0 3.895405 1.725158 0.175542 
29 1 0 4.135821 1.648151 1.254919 
30 1 0 4.714135 2.262937 -0.312866 
31 1 0 2.994130 2.334164 0.072822 
32 6 0 -4.967136 -0.334095 -0.407806 
33 1 0 -5.315321 -0.528123 0.626191 
34 1 0 -5.755842 0.220296 -0.926784 
35 1 0 -4.847577 -1.299908 -0.909196 
36 6 0 -3.887835 1.740144 0.112102 
37 1 0 -4.709444 2.257234 -0.393507 
38 1 0 -4.118750 1.714260 1.196005 
39 1 0 -2.985709 2.340650 -0.026900 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 1.7727862   0.2614205 0.2461165 
 
 
4 22HMC-H+ Tautomer 1 
Stoichiometry: C11H27N2(1+) 
Deg. of freedom :  114 
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Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 -0.085179 -2.213040 -0.214802 
2 6 0 1.213945 -1.550933 -0.729924 
3 1 0 -0.069818 -3.237602 -0.602930 
4 6 0 1.383512 1.041554 -0.490294 
5 7 0 0.002266 1.531522 -0.090793 
6 1 0 1.395658

1.531522 
1.035449 -1.582947 

7 1 0 2.075156 1.824535 -0.163728 
8 1 0 -0.056569 -2.332725 0.872783 
9 6 0 -1.435140 -1.644229 -0.667675 
10 7 0 -1.911118 -0.429693 0.046786 
11 1 0 -2.202595 -2.428299 -0.573043 
12 1 0 -1.377700 -1.391782 -1.733033 
13 1 0 -0.712904 0.694241 -0.017937 
14 6 0 -2.272305 -0.736606 1.447637 
15 1 0 -2.634060 0.169535 1.940308 
16 1 0 -3.065296 -1.496300 1.498327 
17 1 0 -1.407018 -1.106561 1.999102 
18 6 0 -3.103591 0.106073 -0.645915 
19 1 0 -2.854035 0.362771 -1.678466 
20 1 0 -3.922935 -0.626228 -0.663071 
21 1 0 -3.460876 1.003254 -0.133135 
22 6 0 0.000670 2.238391 1.228438 
23 1 0 0.603762 3.145801 1.152260 
24 1 0 -1.025614 2.505198 1.484804 
25 1 0 0.412485 1.589982 1.996854 
26 6 0 -0.535269 2.448749 -1.145685 
27 1 0 0.155674 3.281927 -1.290402 
28 1 0 -0.644379 1.897288 -2.079868 
29 1 0 -1.506330 2.831205 -0.829718 
30 1 0 1.093549 -1.301606 -1.793552 
31 1 0 1.966126 -2.346579 -0.710691 
32 6 0 1.889047 -0.341983 -0.002665 
33 6 0 1.858818 -0.509953 1.526895 
34 1 0 2.430321 0.279683 2.026006 
35 1 0 0.846951 -0.514530 1.942201 
36 1 0 2.318778 -1.463596 1.803191 
37 6 0 3.375657 -0.343381 -0.451169 
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38 1 0 3.860819 -1.270842 -0.136288 
39 1 0 3.469779 -0.273505 -1.540180 
40 1 0 3.932040 0.488633 -0.007843 
 
 
 
4 22HMC-H+ Tautomer 2 
Stoichiometry: C11H27N2(1+) 
Deg. of freedom: 114 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 

1 6 0 -0.057983 -2.212891 -0.219400 
2 6 0 1.234350 -1.534910 -0.730968 
3 1 0 -0.042550 -3.235448 -0.613667 
4 6 0 1.355290 1.058706 -0.480175 
5 7 0 -0.018690 1.506890 -0.094660 
6 1 0 1.386436 1.044641 -1.574124 
7 1 0 2.062353 1.839137 -0.163365 
8 1 0 -0.034428 -2.340530 0.867391 
9 6 0 -1.412135 -1.666798 -0.680057 

10 7 0 -1.919604 -0.444973 0.046551 
11 1 0 -2.187835 -2.431672 -0.568867 
12 1 0 -1.364845 -1.396047 -1.739037 
13 1 0 -1.115926 0.323032 0.008291 
14 6 0 -2.247635 -0.724181 1.476508 
15 1 0 -2.589952 0.197701 1.948028 
16 1 0 -3.038160 -1.476513 1.528774 
17 1 0 -1.363561 -1.087139 1.996896 
18 6 0 -3.117058 0.112322 -0.653209 
19 1 0 -2.847768 0.373372 -1.676753 
20 1 0 -3.914731 -0.633963 -0.664409 
21 1 0 -3.461187 1.002942 -0.125981 
22 6 0 -0.012333 2.225555 1.201921 
23 1 0 0.616706 3.125179 1.153886 
24 1 0 -1.030250 2.536522 1.454423 
25 1 0 0.364697 1.584847 1.996977 
26 6 0 -0.529062 2.434124 -1.133861 
27 1 0 0.138772 3.295674 -1.269257 
28 1 0 -0.616312 1.913816 -2.091119 
29 1 0 -1.513096 2.811953 -0.843819 



!

!
!!!!!179 

30 1 0 1.110725 -1.288160 -1.794507 
31 1 0 1.988196 -2.329074 -0.710941 
32 6 0 1.893185 -0.318776 -0.002153 
33 6 0 1.868578 -0.500799 1.525706 
34 1 0 2.429663 0.294458 2.026583 
35 1 0 0.858081 -0.508176 1.945448 
36 1 0 2.337947 -1.450901 1.801348 
37 6 0 3.378593 -0.313876 -0.449667 
38 1 0 3.875959 -1.237161 -0.139379 
39 1 0 3.470700 -0.236079 -1.538429 
40 1 0 3.925683 0.523317 -0.005507 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 0.9035657   0.6218266 0.4822149 
 
 
4 22HMC-H+ Barrier top for internal proton transfer 
Stoichiometry: C11H27N2(1+) 
Deg. of freedom: 114 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 0.019665   -2.219100   -0.206140 
2 6 0 1.303273   -1.521521   -0.707321 
3 1 0 0.058591   -3.240961   -0.600128 
4 6 0 1.283034 1.075613   -0.498654 
5 7 0 -0.113243 1.475177   -0.095785 
6 1 0 1.289314 1.047509   -1.591968 
7 1 0 1.940554 1.902507   -0.202353 
8 1 0 0.039431   -2.345171 0.881017 
9 6 0 -1.338229   -1.685351   -0.672979 
10 7 0 -1.859482   -0.475107 0.041556 
11 1 0 -2.096533   -2.472626   -0.573656 
12 1 0 -1.283733   -1.424809   -1.735387 
13 1 0 -0.954197 0.459630   -0.018411 
14 6 0 -2.182007   -0.767716 1.463171 
15 1 0 -2.578856 0.132751 1.935659 
16 1 0 -2.933261   -1.562288 1.528374 
17 1 0 -1.287594   -1.081790 1.999532 
18 6 0 -3.084041 0.016126   -0.646516 
19 1 0 -2.849651 0.266214   -1.682523 
20 1 0 -3.864074   -0.752586   -0.635983 
21 1 0 -3.460863 0.904944   -0.136472 
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22 6 0 -0.133769 2.177895 1.217280 
23 1 0 0.458317 3.098040 1.165714 
24 1 0 -1.163683 2.439674 1.470616 
25 1 0 0.273842 1.538976 1.997013 
26 6 0 -0.665557 2.394233   -1.131340 
27 1 0 -0.013142 3.264187   -1.261434 
28 1 0 -0.747100 1.869084   -2.084939 
29 1 0 -1.654087 2.741757   -0.825015 
30 1 0 1.198688   -1.311490   -1.780952 
31 1 0 2.085042   -2.285997   -0.642856 
32 6 0 1.899743   -0.261501   -0.005155 
33 6 0 1.908156   -0.422384 1.525616 
34 1 0 2.417632 0.416449 2.010713 
35 1 0 0.907632   -0.505057 1.959768 
36 1 0 2.450003   -1.332467 1.801746 
37 6 0 3.376127   -0.170736   -0.475256 
38 1 0 3.927532   -1.063664   -0.168684 
39 1 0 3.448969   -0.093719   -1.565441 
40 1 0 3.881946 0.697058   -0.040583 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 0.9165225   0.6288766 0.4898598 
 
 
4 22HMC-H+  Extended Tautomer 1  
Stoichiometry: C11H27N2(1+)  
Deg. of freedom: 114 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 -0.085179 -2.213040 -0.214802 
2 6 0 1.213945 -1.550933 -0.729924 
3 1 0 -0.069818 -3.237602 -0.602930 
4 6 0 1.383512 1.041554 -0.490294 
5 7 0 0.002266 1.531522 -0.090793 
6 1 0 1.395658 1.035449 -1.582947 
7 1 0 2.075156 1.824535 -0.163728 
8 1 0 -0.056569 -2.332725 0.872783 
9 6 0 -1.435140 -1.644229 -0.667675 
10 7 0 -1.911118 -0.429693 0.046786 
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11 1 0 -2.202595 -2.428299 -0.573043 
12 1 0 -1.377700 -1.391782 -1.733033 
13 1 0 -0.712904 0.694241 -0.017937 
14 6 0 -2.272305 -0.736606 1.447637 
15 1 0 -2.634060 0.169535 1.940308 
16 1 0 -3.065296 -1.496300 1.498327 
17 1 0 -1.407018 -1.106561 1.999102 
18 6 0 -3.103591 0.106073 -0.645915 
19 1 0 -2.854035 0.362771 -1.678466 
20 1 0 -3.922935 -0.626228 -0.663071 
21 1 0 -3.460876 1.003254 -0.133135 
22 6 0 0.000670 2.238391 1.228438 
23 1 0 0.603762 3.145801 1.152260 
24 1 0 -1.025614 2.505198 1.484804 
25 1 0 0.412485 1.589982 1.996854 
26 6 0 -0.535269 2.448749 -1.145685 
27 1 0 0.155674 3.281927 -1.290402 
28 1 0 -0.644379 1.897288 -2.079868 
29 1 0 -1.506330 2.831205 -0.829718 
30 1 0 1.093549 -1.301606 -1.793552 
31 1 0 1.966126 -2.346579 -0.710691 
32 6 0 1.889047 -0.341983 -0.002665 
33 6 0 1.858818 -0.509953 1.526895 
34 1 0 2.430321 0.279683 2.026006 
35 1 0 0.846951 -0.514530 1.942201 
36 1 0 2.318778 -1.463596 1.803191 
37 6 0 3.375657 -0.343381 -0.451169 
38 1 0 3.860819 -1.270842 -0.136288 
39 1 0 3.469779      -0.273505     -1.540180 
40 1 0 3.932040     0.488633     -0.007843 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 0.8991323   0.6219071 0.4808670 
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4 22HMC-H+  Extended Tautomer 2  
Stoichiometry: C11H27N2(1+)  
Deg. of freedom: 114 

Standard orientation: 
------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 

 
0 2.679413 -0.423126 -0.558227 

2 1 0 2.612348 -1.502119 -0.720588 
3 1 0 2.763221 0.066142 -1.532692 
4 6 0 1.483614 0.078124 0.244416 
5 1 0 1.515667 -0.351569 1.254231 
6 1 0 1.520270 1.166505 0.349757 
7 6 0 0.169450 -0.326561 -0.450334 
8 1 0 0.176279 0.076080 -1.472825 
9 1 0 0.147679 -1.420953 -0.547343 
10 6 0 -1.131861 0.136118 0.256046 
11 6 0 -2.311678 -0.391774 -0.616167 
12 1 0 -2.215169 -1.483994 -0.704224 
13 1 0 -2.192182 0.003895 -1.635568 
14 7 0 4.019171 -0.196269 0.142369 
15 7 0 -3.633640 -0.043358 -0.092143 
16 6 0 5.126646 -0.972078 -0.517878 
17 1 0 5.237088 -0.612253 -1.541306 
18 1 0 6.052420 -0.814138 0.035822 
19 1 0 4.866031 -2.030403 -0.519667 
20 6 0 4.377693 1.259865 0.269346 
21 1 0 5.324910 1.343480 0.802470 
22 1 0 4.474166 1.677600 -0.733449 
23 1 0 3.594281 1.778054 0.818661 
24 6 0 -4.395289 0.840235 -0.971511 
25 1 0 -4.681336 0.363818 -1.927270 
26 1 0 -5.312861 1.156618 -0.466539 
27 1 0 -3.815639 1.738707 -1.199609 
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28 6 0 -4.426351 -1.203063 0.308772 
29 1 0 -5.343268 -0.866637 0.801831 
30 1 0 -5.343268 -1.848680 -0.540825 
31 1 0 -4.715578 -1.812988 1.024982 
32 1 0 3.912253 -0.564218 1.093357 
33 6 0 -1.205248 1.671088 0.335685 
34 1 0 -0.448219 2.088017 1.009452 
35 1 0 -1.075601 2.133979 -0.650073 
36 1 0 -2.182541 1.967146 0.724234 
37 6 0 -1.236510 -0.460547 1.670536 
38 1 0 -2.213072 -0.216939 2.095654 
39 1 0 -1.133153 -1.552373 1.657699 
40 1 0 -0.476665 -0.055069 2.348140 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 2.0262275   0.2415162 0.2364293 
 
 
4 22HMC-H+  Neutral conjugate Base, Extended Geometry 
Stoichiometry: C11H26N2 

Deg. of freedom: 111 
Standard orientation: 

------------------------------------------------------------------------------  
 Center      Atomic   Atomic   Coordinates (Angstroms)                                                                          
Number    Number       Type             X      Y          Z 
----------------------------------------------------------------------------- 
1 6 0 -2.259785 -0.398223 -0.595453 
2 1 0 -2.161919 -1.491784 -0.659742 
3 1 0 -2.133950 -0.026674 -1.622876 
4 6 0 -1.088981 0.148582 0.269741 
5 6 0 0.221947 -0.323440 -0.410713 
6 6 0 1.540435 0.079014 0.265801 
7 1 0 1.600472 -0.334987 1.278357 
8 1 0 1.583640 1.168987 0.366065 
9 6 0 2.755435 -0.422694 -0.523698 
10 1 0 2.755835 0.035803 -1.535156 
11 1 0 2.645241 -1.503544 -0.677441 
12 7 0 -3.599523 -0.046675 -0.100603 
13 7 0 4.032851 -0.212665 0.160372 
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14 6 0 -4.384648 -1.200793 0.316259 
15 1 0 -5.315839 -0.864393 0.784862 
16 1 0 -4.652881 -1.876513 -0.519365 
17 1 0 -3.831475 -1.784148 1.057124 
18 6 0 -4.350475 0.803196 -1.014863 
19 1 0 -4.614865 0.301811 -1.966462 
20 1 0 -5.282427 1.125788 -0.538127 
21 1 0 -3.772500 1.699522 -1.255420 
22 6 0 5.099494 -0.980327 -0.468361 
23 1 0 5.303054 -0.677975 -1.514848 
24 1 0 6.027116 -0.858348 0.100360 
25 1 0 4.841696 -2.044228 -0.469768 
26 6 0 4.399876 1.194606 0.253442 
27 6 0 5.347887 1.289604 0.792329 
28 1 0 4.521440 1.679087 -0.736114 
29 1 0 3.645658 1.753654 0.812453 
30 1 0 0.192702 -1.420196 -0.491946 
31 1 0 0.228842 0.053965 -1.444144 
32 6 0 -1.169805 1.685099 0.317143 
33 1 0 -1.039136 2.122807 -0.680301 
34 1 0 -2.145200 1.995283 0.702822 
35 1 0 -0.402310 2.110883 0.971003 
36 6 0 -1.205928 -0.413826 1.697773 
37 1 0 -1.108451 -1.506475 1.705390 
38 1 0 -0.432342 -0.006756 2.356208 
39 1 0 -2.178967 -0.152974 2.123932 
--------------------------------------------------------------------- 
Rotational constants (GHZ): 2.0533090   0.2448028 0.2398554 
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A. Instrumentation  

 Mass spectrometry is a highly sensitive and precise analytical tool because a 

charged species is selected based on its mass-to-charge ratio. A mass spectrometer works 

by using magnetic or electric fields to exert forces on ions in a vacuum.  

Ionization can be achieved in a number of ways. The two most common methods 

for volatile or gaseous samples are electron ionization (EI) and chemical ionization (CI). 

In EI, a beam of electrons passes through the gas-phase sample. An electron that collides 

with a neutral molecule can knock off another electron, resulting in a positively charged 

ion. Electron ionization typically produces fragment ions, which correspond to pieces of 

the parent ion.  

The second method, CI, uses ion-molecule reactions to produce ions from the 

starting molecule. The chemical ionization process begins when a reagent gas such as 

methane, isobutane, or ammonia is ionized by electron ionization. A high reagent gas 

pressure results in ion-molecule reactions between the reagent gas ions and reagent gas 

neutrals. Some of the products of these ion-molecule reactions can react with the 

molecule of interest to produce analyte ions.  

 A third method is electrospray ionization (ESI), which is used for liquid samples. In 

this method, the sample solution is sprayed across a high potential difference (a few 

kilovolts) from a needle into an orifice in the interface. Heat and gas flows are used to 

desolvate the ions in the sample solution. Electrospray ionization can produce multiply 

charged ions, with the number of charges tending to increase as the molecular weight 

increases.  
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 There are different types of MS/MS. One type is metastable ion mass spectrometry. 

A metastable ion is one that is formed with sufficient excitation to dissociate 

spontaneously during its flight from the ion source to the detector, but which passes 

through the first stage of mass selection before decomposing. Other types of MS/MS 

include activation by collision or by electromagnetic radiation. The latter two categories 

are the focus of this chapter.  

 Collisionally activated dissociation (CAD) can occur in one of two ways, either by 

collision-induced dissociation (CID) or by collisional activation (CA). In CA, the ion 

enters a collision cell where it undergoes a single energetic collision with a neutral target 

gas (such as argon) and dissociates. In CID, the ion is accelerated to bump repeatedly into 

inert gas atoms and undergoes many low energy collisions. In this method, the net degree 

of activation by collision is not known, since there are many little collisions, while in CA 

the collision energy can be chosen. Collectively, these two techniques are grouped under 

the rubric of CAD.  

 As with ionization and collision, there are many techniques to analyze the sample. 

Tandem instruments (such as the triple quadrupole mass spectrometer) tend to use CA, 

while storage instruments (such as an ion trap or an ICR) tend to use CID. In the 

Micromass UK Limited Quattro Ultima triple quadrupole mass spectrometer (Figure 

5.2), there are two quadrupole mass analyzers separated by a hexapole collision region. In 

the first quadrupole, there are four rod electrodes that alternate charges with some 

frequency superimposed on a DC voltage. The frequency of the rf lets ions of a certain 

m/z pass through. The DC and rf together are the two features that determine the mass to 
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charge ratio. Hence, a quadrupole is sometimes called a mass filter. Ions of a selected 

mass are then pass into the hexapole collision cell. The pressure in the collision cell is 

higher, and the ions collide with neutral gas and fragment, usually by CAD. The 

fragments are then accelerated out of the collision cell and enter the third mass filter, 

which is very similar to the first quadrupole. Here, the mass of the fragment of interest 

can be selected (this is called a daughter scan) and the resulting fragments analyzed as 

they hit a detector. This produces a mass spectrum of the CAD fragments, from which 

structural information can be extracted.  

 The ion trap is another method of mass spectrometry corresponding to a storage 

instrument. Ions enter a small quadrupole trap (consisting either of a ring electrode with 

two endcaps or a linear trap, much like a quadrupole mass filter, with endcaps) and are 

slowed down by the presence of helium or argon. As a function of applied AC and DC 

fields, the ions go in a “figure 8” trajectory, and the size of the “figure 8” depends on the 

mass to charge ratio of the ion. Each ion has its own excitation frequency. If rf for the 

particular ion of interest is selected and applied, all other ions exit the trap, and the only 

ion in the trap is the ion of interest.1 Once the selected ion is in the trap, it can be 

translationally excited by increasing the amplitude of its resonance frequency on the 

electrodes. The ion’s “figure 8” gets bigger and bigger and it eventually collides with 

noble gas atoms, causing excitation and fragmentation. The molecular ion typically 

undergoes many little collisions, and the net collision energy is unknown.  

 There are advantages to both a tandem instrument (e.g. triple quadrupole) and a 

storage instrument (e.g. ion trap or ICR). In a tandem instrument, the collision energy is 
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determined by the user and has a known value. This is also a very sensitive technique. 

With a storage configuration, the ion is literally trapped in a small cell and can undergo 

MSn.  A tandem instrument such as the triple quadrupole can only do MS/MS, although 

putting additional mass analyzers in sequence can permit further analysis. 

 MS/MS was used to probe the dissociation pathways of the protonated diamines of 

interest to this dissertation and also explored to study possible interchange of alkyl 

groups in their cations. The results from these MS/MS experiments are discussed below. 

 Another MS/MS technique is infrared multiple photon dissociation (IRMPD), 

where an infrared laser is used to fragment molecules in the gas phase to study the 

vibrational structure and dissociation patterns of the parent ion of interest. In IRMPD, the 

molecule is ionized and resides in a storage mass spectrometer (an ion trap or ICR) until 

an intense tunable IR laser beam hits it. As the ion absorbs infrared photons, it fragments. 

It may take 20 or more photons to dissociate the ion, depending on the molecule and its 

bonds. When the ion becomes excited into the first excited vibrational energy level, its 

probability for absorbing additional, nonresonant IR photons increases markedly, 

resulting in fragmentation. This method of spectroscopy allows for the collection of an 

ion’s IR spectrum in the gas phase. 

 IRMPD in the FELIX ICR instrument differs from photofragmentation supersonic 

expansion mass spectrometry, because in the ICR the ions are at room temperature. In 

supersonic expansions, a gas is forced at high pressure through an aperture into a 

vacuum. As the gas molecules expand into this vacuum, the pressure drops, as does the 

speed of sound. When the thermal velocity of the gas molecules exceeds the speed of 
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sound, then a supersonic expansion creates a resulting shock. This is an adiabatic process, 

and, as the molecules become vibrationally cold, their internal energy is converted to 

translational energy. As the gaseous ions in a carrier gas expand into a greater volume, 

low collision energy reactions are initiated with a noble gas, such as argon, and the rare 

gas “sticks” to the ions through van der Waals interactions. Typically, it takes only one 

photon to dissociate a van der Waals cluster.  

In IRMPD, after the ion absorbs one photon at a resonant frequency, the density 

of states becomes so great that subsequent, nonresonant photons are absorbed with ease. 

As the ion absorbs more and more photons, it gets to a point where it decomposes. 

IRMPD allows the recording of the action spectrum monitored by mass spectrometry, 

where the fragments of the ion are recorded. In our case, the loss of neutral 

dimethylamine was seen after the absorption of approximately 20-30 photons.  

The proton-bound dimer of ammonia (N2H7
+) has been studied using an ion trap 

in the gas phase using both IRMPD and infrared vibrational predissociation (IRVPD) of 

N2H7
+ clusters with rare gas atoms.2 The spectra are similar in peak positions, but the 

IRMPD spectrum shows some bands with greater relative intensity. One advantage in the 

IRVPD method of vibrational spectroscopy is that the spectrum displays bands that are 

much more narrow than those displayed in the spectrum produced by IRMPD. IRMPD 

peak width depends on the laser pulse energy, the temperature of the sample, and the 

harmonicity of a mode, amongst other parameters. However, the advantage in IRMPD is 

that the vibrational spectroscopy of the bare ion in the gas phase can be collected.  The 

IRMPD of N2H7
+ required the absorption of 6-16 photons in the range 600-1700 cm-1. In 
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IRVPD, the ion is “stuck” to an argon atom, and requires a lower energy, because fewer 

photons need to be absorbed to dissociate the ion from the noble gas. However, the 

downside to IRVPD is that the spectrum may be skewed because of the rare atom that is 

attached to the molecule of interest. Ordinarily, the argon atoms cause a red-shift by less 

than 10 cm-1. In any case, both methods provide similar spectra with peaks in the same 

regions, and the attachment of the argon atom does not greatly perturb the spectroscopy 

of the shared proton in N2H7
+.  

The NHN asymmetric stretch in N2H7
+ has been calculated and experimentally 

measured. Harmonic MP2 calculations with C3v symmetry predict the peak to be at 1943 

cm-1. A more sophisticated anharmonic analysis predicts that peak to be at 707 cm-1, a 

more plausible value for a shared-proton system. Experimental bands in IRMPD and 

IRVPD occur in this region, but none of those bands are specifically assigned to be the 

NHN asymmetric stretch. A 4-dimensional computational analysis was done on this 

system, predicting the band to be much lower, 464 cm-1. Unfortunately, this fell outside 

of the experimental range of the first set of experiments, and therefore, was not observed.  

In 2008, Yang et al. experimentally studied the proton-bound dimer of ammonia 

in a longer wavelength domain.3 Figure 5.1 reproduces the IRMPD spectrum of N2H7
+. 

DFT harmonic calculations had predicted the NHN asymmetric stretch to be at 1074 cm-

1, but nothing was observed in this region in the experimental spectrum. One of the NHN 

bends was predicted to be at 1598 cm-1, and a band (inset of Figure 5.1) in that region is 

assigned to the NHN bend. A 6-dimensional computational analysis of N2H7
+ predicted 

that the NHN asymmetric stretch should occur at 409 cm-1. Figure 5.1 shows an 
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experimentally observed band at 374 cm-1, which Yang et al. assign to the NHN 

asymmetric stretch. There is a shoulder at a higher frequency, which is assigned to be the 

NHN asymmetric stretch coupled to some low frequency mode (e.g. torsion). Specific 

substitution of the bridging proton was not possible in the case of N2H7
+. 

 

                     
Figure 5.1: IRMPD spectrum of the proton-bound dimer of ammonia, N2H7

+ in the long 
wavelength domain 350-500 cm-1. (Figure copied from ref. 2) 
 
 
 
 In 2008, García-Fernández et al. carried out a detailed theoretical analysis of the 

IR vibrations of the N2H7
+ cation.4 They studied the proton dynamics and concluded that 

the proton transfer is not simply related to a single reaction coordinate where the proton 

goes from one nitrogen to the other. The distance between the nitrogens changes as the 

position of the proton changes, and this motion (any possibly other modes) might also be 

coupled to the asymmetric NHN stretch. Computations place the proton closer to one 

nitrogen than the other in the equilibrium geometry, and there is a small barrier for the 

proton to transfer from one nitrogen to the other. The energy barrier is 1.26 kcal/mol, and 
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the zero point energy is 2.89 kcal/mol higher than the barrier height, meaning that the 

proton appears free to migrate between both nitrogens. The hydrogens in each of the 

ammonia groups are staggered with respect to one another.  

 The frequency of all 21 vibrational modes were computed at MP4/6-311++G** 

level of theory, and there was one imaginary frequency at 993i cm-1 that has stretching 

character and was assigned to be the asymmetric NHN motion. For the motion at this 

frequency, computations predict that all other atoms remain virtually fixed. The NN 

equilibrium distance is calculated to be 2.596 Å. When the molecule is allowed to 

“breathe”, (meaning that the NN distance does not stay fixed) the NHN asymmetric 

motion is calculated to be much lower, 575 cm-1. The NN distance is this case increases 

to 2.723 Å, and the anharmonic motion of the bridging proton is coupled to this 

“breathing” mode. This value is much closer to the aforementioned experimental value 

for the NHN asymmetric stretch.  

 The stabilization of the N2H7
+ cation in a supramolecular environment was also 

studied in the solid phase.5 Single crystals were formed containing units of one 

calix[4]arene- anion, one NH4
+ cation, and one neutral molecule of NH3. The ammonium 

cation was determined not to interact with the host calixarene. Instead, the cation fits 

snugly in the cavity and interacts with the cavity only through van der Waals interactions. 

The hydrogen bond that is formed between the NH4
+ cation and the neutral NH3 was of 

interest. The NN distance is 2.765 Å. Although difference electron density maps do not 

permit exact location of the hydrogens attached to nitrogen, the authors report an NH—N 

bond angle that is close to linearity (HN—N = 3.83°).  
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1. Tandem Mass Spectrometry 

 

Figure 5.2: Pictorial diagram of tandem mass spectrometer6 
 

 

The tandem instrument used for CAD experiments is called (for historical 

reasons) a triple quad, but the actual collision cell is a hexapole. As the diagram shows, 

the Quattro Ultima quadrupole spectrometer contains additional quadrupole elements 

such as prefilters, but the functional aspects, as described above, are labeled 3, 4, and 5 in 

Figure 5.2. For MS/MS in the collision cell, the voltage at the entrance of the rf-only 

hexapole is -1V, the cell is floated at a set negative potential (4V, 6V, 8V, 10V, 15V – 

the lab frame collision energy), and the exit voltage is 0V. All the CAD experiments 
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discussed in this section will refer to the lab frame collision energy, TLab. The center of 

mass collision energy is the actual energy (Equation 5.1). In the lab frame, the heavy ion 

moves toward the light target gas (argon). In the center of mass frame, the light target gas 

(argon) and the heavy ion move towards one another. The collision energy in the center 

of mass frame, TCoM, represents the actual translational energy of the ions that experience 

CAD. Not all the center of mass translational energy is converted to internal energy by a 

collision. 

TCoM = TLab * Mion/(Mion+mtarget)                                                          Equation 5.1 

 

2. FTICR - IRMPD  

 

Figure 5.3: Pictorial diagram of Fourier transform ion cyclotron resonance (FT-ICR) 
mass spectrometer used in infrared multiple-photon dissociation (IRMPD) spectroscopy7  
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 Conjugate acids of aliphatic diamines cyclize upon protonation and can be 

trapped within an ion cyclotron resonance (ICR) mass spectrometer by a strong, 

homogenous magnetic field. These charged particles are produced from an electrospray 

source of free diamine in CH3OH (or CH3OD for deuterium bridged species) with one or 

two drops of CH3COOH (or CH3COOD for deuterium bridged species). The ICR has the 

ability to simultaneously record intensities for all ion masses. This is known as Fellgett’s 

or multiplex advantage. Entrance and exit slits are no longer used to limit the ion 

throughput, thus enhancing the signal. Because all ions are simultaneously detected, all 

cyclotron frequencies are measured at once.  

Electrosprayed ions are introduced into a Fourier transform ion cyclotron 

resonance mass spectrometer (FT-ICR), where they orbit the magnetic field with a 

frequency dependent on their charge to mass ratio. An FT-ICR is a type of mass 

spectrometer that was introduced in 1974.8 Its versatility and high sensitivity have been 

utilized in mass spectrometry to determine an ion’s mass-to-charge ratio based on the 

cyclotron frequency in a fixed magnetic field. The ions are confined axially by a voltage 

applied to cylindrical plates on either end of the ICR cell. The ions are stored in the ICR 

cell for a few seconds.  

Applying rf at swept cyclotron frequencies can be used to eject unwanted ions. 

Frequency-domain excitations of unwanted ions are inverse Fourier transformed to the 

time domain for ion ejection. This stored waveform inverse Fourier transform (SWIFT)9 

approach provides an efficient way to isolate the desired ion.  
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For detection, an excitation pulse excites the ions to a larger cyclotron radius 

using an oscillating electric field perpendicular to the magnetic field. The trajectories of 

the individual ions do not need to be determined to compute an ICR response, since the 

response is proportional to the excitation. The ions induce some current that can be 

detected and Fourier transformed to obtain the frequencies of the trapped ions. The time-

domain response is apodized by exponential multiplication to yield Lorentzian-shaped 

peaks. Excitation can be used for ion monitoring to detect one or more ions 

simultaneously. The various peaks obtained in the spectrum accurately reflect the relative 

number of ions at those m/z values.  

The FT-ICR is connected to a free electron laser for infrared experiments 

(FELIX), where pulses of IR induce frequency dependent dissociation via loss of neutral 

NH(CH3)2 [or ND(CH3)2 from the deuterium bridged species]. A crucial feature of using 

ICR is the multiplex advantage, which permits monitoring of the parent ion and all 

daughters simultaneously. Thus, unanticipated ions are not ignored.  

Infrared multiple-photon dissociation (IRMPD) provides a method to study 

vibrational spectroscopy of isolated ions in the gas phase using action spectroscopy. By 

substituting the bridging H+ with D+, assignments can be made for stretches and bends 

associated with the bridging hydron. Some advantages of studying proton bridged ions in 

the gas phase is that this type of vibrational spectroscopy provides spectra without 

solvent or counterions, and the signal carrier can be identified unambiguously based on 

its mass.  
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B. Ion Derivatization/Dissociation 

1. Diamines 

As will be discussed below, gas phase dissociation of the conjugate acids of the 

tetramethyl !, "- diamines yield a single product ion mass corresponding to the loss of 

Me2NH. In principle, this might occur by internal SN2 displacement or via elimination, as 

outlined in Scheme 5.1. Efforts to examine product ions by IRMPD were unsuccessful, 

as they cannot be dissociated using the power available at FELIX. This imperviousness to 

IR dissociation is consistent with expectation for the SN2 products.  

                        

N CH2NH(CH3)2

N CH2

N CH2NH(CH3)2H NH
CH2

A

B

  
 

Scheme 5.1: A shows the product of an internal SN2 displacement, and B shows the 
product of an elimination reaction 

 
 
 

Calculations were done on both of the possible, isomeric products and the 

corresponding transition states to predict which pathway would be more favorable. The 

results for TMC, 33HMC, and 22HMC are listed in Table 5.1: 
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Table 5.1: Calculated energies for internal SN2 displacement product versus elimination 
product for TMC, 33HMC, and 2HMC at B3LYP/6-31G** in atomic units. Product 
energies do not include electronic energy of neutral dimethylamine (-135.174027) 

 SN2 Displacement Elimination 
 Bridged Cation Transition State Product Transition 

State 
Product 

TMC -466.125836 -466.078891 -330.933016 -466.067840 -330.908046 
33-

HMC 
-544.755219 -544.710389 -409.567010 -544.698340 -409.540926 

22-
HMC 

-544.752250 
(-544.751571)* 

-544.706605 
(-544.699416)* 

-409.562722 -544.697790 -409.538152 

*Transition state for displacement of Me2NH when the proton is on the nitrogen on the 
more highly substituted end of the chain 
 
 

 In the MS/MS experiments, the TMC sample was a mixture of TMC-d0 and 

TMC-d4. TMC-d0 was prepared using the Eschweiler-Clark synthesis on commercially 

available cadaverine, and TMC-d4 was prepared by reducing N,N,N’,N’-

tetramethylglutaramide with lithium aluminum deuteride. The TMC-d4 sample had the 

deuteria on positions 1 and 5, the carbons bonded to the nitrogens on the chain. The 

samples were diluted in methanol/water. The source mass spectrum of a mixture showed 

a peak for both TMC-d0-H+ (m/z 159) and TMC-d4-H+ (m/z 163) in a roughly 2:3 ratio in 

the ESI source. The absence of a significant m/z 161 ion rules out the possibility that a 

doubly charged diprotonated dimer ion contributes to these peaks. The source mass 

spectrum also shows the fragment ions corresponding to the loss of NH(CH3)2 at m/z 114 

and m/z 118. These ions come either from an internal SN2 displacement or intermolecular 

elimination, as noted above. There are also peaks at m/z 130 and m/z 136, which may be 

due to impurities or solvent cluster ions.  
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 The m/z 159 was selected for CAD and showed loss of dimethylamine at m/z 114 

as >99% of the fragmentation. This collision experiment was repeated at various voltages 

(4V, 6V, 8V, 10V, and 15V lab frame collision energy), and the loss of dimethylamine 

increased monotonically with the voltage. The ratios of the parent molecule to the 

fragment (with increasing collision energy) are 6.6, 1.9, 0.41, 0.10, and 0.003, 

respectively. At 15V, there is almost no parent ion, virtually all of it having fragmented 

via loss of dimethylamine. There is a very small peak corresponding to the loss of a 

second molecule of dimethylamine, but its intensity at 15V is <.0005% of the base peak. 

There is no fragmentation observed at m/z 86, which would have corresponded to the loss 

of ethylene from m/z 114 following the loss of the first molecule of dimethylamine.  

When m/z 114 from the source was selected for CAD, fragments at m/z 99 and 

m/z 98 were observed as the most intense peaks, which correspond to the loss of NH2
. 

and CH3
., respectively (as confirmed by isotopic labeling, described below). The ratio of 

the m/z 114 parent peak to the loss of methyl radical to the loss of amidogen at 15V is 

1:0.03:0.04. The MS/MS spectrum also shows a peak at m/z 69, which would correspond 

to the fragment C5H9
+. This ion has an intensity 1% of the m/z 114 parent. Also, the CAD 

spectrum showed a peak at m/z 58, corresponding to the immonium ion (CH3)2N=CH2
+. 

Relative to the m/z 114 parent, the ratio of the hydrocarbon ion (resulting from the loss of 

a second molecule of dimethylamine) to the immonium ion is 0.01:0.02. 

The TMC-d4-H+ ion was also selected for CAD and demonstrated very similar 

results. There is a peak at m/z 118, corresponding to the loss of dimethylamine. This 

collision experiment was repeated at various voltages (4V, 6V, 8V, 10V, and 15V), and, 
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similarly to the TMC-d0 results, the loss of dimethylamine increased monotonically with 

the collision energy. The ratios of the parent molecule to the fragment (with increasing 

voltage) are 5.2, 1.2, 0.33, 0.09, 0.004, respectively. Similarly to the undeuterated TMC-

H+, there is almost no parent ion present at 15V. Again, there is a peak of negligible 

intensity corresponding to the loss of a second molecule of dimethylamine. Also, no peak 

was observed that corresponds to the further loss of CH2CD2 (which would have occurred 

at m/z 88).  

When m/z 118 from the source was selected for CAD, it showed the loss of a 

methyl radical (m/z 103) and monodeuterated amidogen (m/z 101). The ratio of the m/z 

118 parent peak to the loss of methyl radical to the loss of .NHD at 15V is 1:0.02:0.03. 

The intensities of the individual methyl radical and amidogen peaks are similar to those 

obtained in TMC-d0. A fragment ion at m/z 60, corresponding to the immonium ion 

(CH3)2N=CD2
+ was also observed. The intensity of C5H7D2

+ was similar to the 

undeuterated case, 1% relative to the parent ion. Relative to the parent peak being equal 

to 1, the ratios of the hydrocarbon ion (resulting from the loss of a second molecule of 

dimethylamine) to the immonium ion is 0.01:0.02, identical to the results obtained in 

experiments with TMC-d0.  

A sample of 33HMC in pure methanol (at a concentration of approximately 200 

ppm v/v) was electrosprayed into the triple quad. The source mass spectrum shows a 

peak at m/z 187 and also a much more intense peak at m/z 142, corresponding to the loss 

of dimethylamine. This collision experiment was repeated at various voltages (4V, 6V, 

8V, 10V, and 15V), and, similarly to the TMC results, the loss of dimethylamine 
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increased monotonically with the voltage. The ratios of the parent molecule to the 

fragment (with increasing collision energy) are 1.40, 0.65, 0.25, 0.07, 0.002, respectively. 

The source mass spectrum also shows a peak at m/z 209, which has 52% the 

intensity of the peak of interest, m/z 187, which could correspond to 33HMC-Na+. When 

m/z 209 was selected for CAD, however, the ion did not fragment to any considerable 

degree, voiding the possibility that m/z 209 corresponds to a solvent cluster or sodiated 

diamine.  

 The MS/MS of m/z 187 shows peaks at m/z 126 and m/z 127, which are both 

about 0.007% of the parent peak’s intensity. These could correspond to loss of methane 

and dimethylamine to give the peak at m/z 126, and the loss of the elements of 

dimethylhydrazine to give the peak at m/z 127. The intensity of these peaks increases 

with increasing voltage. The loss of two dimethylamines, leading to the fragment C7H13
+ 

at m/z 97 also increases in intensity as the voltage increases, and at 15V, the hydrocarbon 

peak is 20% of the parent peak.  

Similarly, a sample of 22HMC in pure methanol was electrosprayed into the triple 

quad. The source mass spectrum shows a peak at m/z 187 and also a peak of comparable 

intensity at m/z 142, corresponding to the loss of dimethylamine.  

The ion 22HMC-H+ was selected for CAD at various voltages, 4V, 6V, 10V and 

15V. The loss of dimethylamine increased monotonically with collision energy. The 

ratios of the parent molecule to the fragment (with increasing collision energy) are 11.4, 

2.92, 0.19, 0.01, respectively. At 10V, the ratio of the parent peak to the peak 
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corresponding to the loss of dimethylamine is 0.19 ± 0.03 (standard deviation=0.02, all ± 

values represent 95% confidence intervals). 

Also, when m/z 187 was selected for CAD, there was a much smaller fragment 

peak corresponding to the loss of 32 amu (the mass of methanol) (1% of parent peak), 

which may correspond to an isobaric solvent cluster, (H2O)5(CH3OH)2H+. 

The MS/MS of m/z 187 shows a small peak at m/z 97, which corresponds to the 

loss of two dimethylamines, resulting in the fragment C7H13
+. This peak increases with 

increasing voltage, and, at 15V, it is almost equal to the parent peak. There are also peaks 

at m/z 126 and m/z 127, but these are present to a much smaller extent than in the case of 

33HMC-H+.  

These CAD results show that at high collision energy (15V lab frame), the 

diamines with dimethylated chains have a greater loss of two dimethylamine molecules 

than do TMP-H+ or TMC-H+. However, at low collision energy (4V lab frame), 33HMC-

H+ had the greatest loss of one equivalent dimethylamine, presumably due to the 

dimethyl groups on the chain encouraging cyclization by bending the molecule in such a 

way that SN2 or elimination is easily achieved. TMC-H+ exhibits more loss of dimethyl 

amine that 22HMC-H+, and this may be due to the steric hindrance introduced when the 

gem-dimethyls are placed closer to the nitrogen in 22HMC-H+.  

 

2. Methylation of Diamines  

Quaternized derivatives were studied to see whether there was any transfer of CH3 

from one nitrogen to the other.  Callahan and Wolfenden reported a bimolecular example 
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of such a migration in 2003.10 At elevated temperatures, methylamine in dilute aqueous 

solution (pH=11) produces dimethylamine and trimethylamine. The methyl group 

migrates between the amines in the presence of the conjugate acid in a second-order 

process. The rate varies with pH, reaching its maximum when the concentrations of 

amine and its conjugate acid ion are equal. In this case, water acts only as a base catalyst, 

and there is no observance of methanol in the aqueous solution.  

To determine the rates of methyl transfer between amines, Callahan and 

Wolfenden titrated aqueous amines with acid and incubated the mixtures at high 

temperatures. Mono-, di-, and trimethylamine all yielded other methylamines. The 

reaction behaved in a bimolecular fashion when the ratio of the protonated amine to the 

unprotonated amine as held constant and the concentration of the amine was varied. The 

rate of disappearance of the starting amine varied proportionally with the square of its 

concentration. 

Callahan and Wolfenden also studied the internal methyl migrations on 

unsymmetrical diamines. Methyl groups migrated between the nitrogen atoms of N,N’-

dimethyl-1,3-propanediamine in a first-order process. After some time, the initial amine 

equilibrated to equal concentrations of 3-(dimethylamino)-propylamine and the starting 

material at a faster rate than the bimolecular reaction of mono-, di-, and trimethylamine. 

This increase in rate has been accredited to a more favorable entropy of activation.  

As will be discussed below, there is no evidence of intramolecular methyl transfer 

in the gas phase (Scheme 5.2). There are peaks corresponding to the loss of 
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N(CH3)2(CD3) from ions monoquaternized with CD3I, but no peaks corresponding to the 

loss of N(CH3)3.  

 

Me2N X NHMe2 Me3N X NHMe

        

        TMP-H+        x=CH2CH2 
        33HMC-H+   x=CH2CH2CH2 
        22HMC-H+   x=CH2C(Me)2CH2 
 

Scheme 5.2: Methyl migration in diamines 

 

Quaternized ions for TMP, TMC, and 33HMC were prepared by adding excess 

CD3I to the amine in methanol. A deuterated methyl can add to either nitrogen, and 

dissociation patterns of the monoquaternized ion were studied. The monoquaternized 

diamines are not stable, neither in aqueous solution nor as a solid, for an extended time. 

Over the period of weeks, the ions spontaneously expel N(CH3)2(CD3), and there is no 

peak at m/z 145 from 33HMC, which would correspond to loss of trimethylamine. 

The branched amine, monoquaternized 33HMC, was electrosprayed in a solution 

of MeOH/water (0.05% HCOOH). The source mass spectrum shows a large peak 

corresponding to the loss of N(CH3)2(CD3) at m/z 142. This is more than four times the 

intensity of the m/z 204 peak. There is no peak at m/z 159, which would correspond to 

the loss of NH(CH3)2.  

The parent ion at m/z 204 was selected for CAD. The extent to which 

N(CH3)2(CD3) is lost at different collision energies was studied. At 4V, the ratio of the 
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fragment (m/z 142) to the parent (m/z 204) is 3.1:1, and at 10V, that ratio increases to 

87:1. The MS/MS of m/z 204 shows no peak at m/z 145, which would correspond to the 

loss of trimethylamine. There is no methyl shift observed, which would have led to loss 

of N(CH3)3.  

The source mass spectrum also showed a large peak at m/z 207, to which the 

structure of the cluster (CH3OH)2[N(CH3)2(CD3)]2(H2O)H+ is assigned. MS/MS of this 

ion shows peaks at m/z 175, m/z 145, and m/z 113, corresponding to losses of CH3OH, 

N(CH3)2(CD3), and CH3OH + N(CH3)2(CD3), respectively.  

Derivatization by quaternization was also done on the linear amines, TMP-CD3
+ 

and TMC-CD3
+. Again, the monoquaternized ions decompose upon standing. The source 

mass spectrum of TMP-CD3
+ also showed a large peak corresponding to the loss of 

N(CH3)2(CD3) at m/z 100. The parent peak at m/z 162 has a low intensity in the source 

mass spectrum. The longer homologues show some parent ion in the source, but for the 

shorter amine, the parent ion is very small, presumably because of its instability. Spectra 

were taken a month after solutions were prepared. 

The parent ion at m/z 162 from TMP-CD3
+ was selected for CAD at 4V and 10V 

to look at the extent to which N(CH3)2(CD3) is lost. At 4V the ratio of the fragment ion to 

the parent peak is 1.05 ± 0.47 (standard deviation=0.19). At 10V, that ratio increases to 

7.1 ± 6.2 (standard deviation=2.5). As expected, with increased collision energy, there is 

greater fragmentation.  

The source mass spectrum of TMC-CD3
+ was similar those of TMP-CD3

+ and 

33HMC-CD3
+, showing a large peak corresponding to the loss of N(CH3)2(CD3) at m/z 
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114. The monoquaternized ion at m/z 176 is only 9% of this fragment peak. Other intense 

peaks in the source are seen at m/z 97 and m/z 117. 

The parent ion at m/z 176 was selected for CAD at 4V and 10V to look at the 

extent to which N(CH3)2(CD3) is lost. At 4V and 10V, the ratios of the fragment ion to 

the parent ion are 0.22 ± 0.04 (standard deviation=0.02) and 0.79 ± 0.04 (standard 

deviation=0.02), respectively.  

Clearly, TMP-CD3
+ loses N(CH3)2(CD3) more readily than does TMC-CD3

+. 

Methylating the chain increases the ease of expelling the tertiary amine, since 33HMC-

CD3
+ expels N(CH3)2(CD3) even more readily than does TMC-CD3

+. Because 

monomethylation would give two isomers for 22HMC, that ion was not studied.  

The CAD experiments described above demonstrate that these protonated 

diamines produced by ESI do not transpose methyl groups in the gas phase, as did the 

diamines studied by Callahan and Wolfenden. This instills confidence regarding the 

structures of the signal carriers in the following experiments.  

 

C. Vibrational Spectroscopy 

 TMC and 33HMC are aliphatic diamines having two nitrogens of equal basicity. 

The two nitrogens of 22HMC are calculated to differ in basicity by 0.43 kcal/mol (1.8 

kJ/mol). These molecules cyclize upon protonation in the gas phase. These chains can 

accommodate nearly linear NCN bonds in the SN2 transition state, a necessary condition 

for internal nucleophilic displacement (loss of NH(CH3)2 or ND(CH3)2). The NCN angles 

for the DFT-optimized transition states are listed in Table 5.2. The lowest energy 
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trajectory may be unattainable if the accessible NCN bond angle deviates too far from 

linearity. Nitrogens of equal basicity and a nearly linear NHN bond are criteria that must 

be met in order to justify treatment of these systems as linear triatomics, neglecting 

bending motions. We are most interested in the stretches and bends associated with the 

bridging hydron. Substituting the bridging H+ with D+ aids in the assignment if peaks in 

the vibrational spectrum.  

 

Table 5.2: DFT optimized NCN angles for internal nucleophilic displacement for TMC-
H+, 33HMC-H+, and 22HMC-H+ 

 NCN 
TMC-H+ 162° 

33HMC-H+ 162° 
22HMC-H+ 161° 

 
 
 
 The experimental results for the asymmetric vibration of the bridging hydron is 

compared to computed results using B3LYP/6-31G** level of theory for the 1-

dimensional potential energy surfaces for TMC, 33HMC, and 22HMC. 2-dimensional 

potential energy surfaces were also constructed using the double hybrid functional B2-

P3LYP/cc-pVTZ//B3LYP/6-31G** for TMC and 33HMC. Due to the unsymmetrical 

wells in the 22HMC potential energy surface, construction of a potential energy surface 

of higher dimensionality was beyond the scope of our current capabilities.  

 The experimental spectra were obtained by IRMPD spectroscopy of the conjugate 

acid ions of TMC, 33HMC, and 22HMC trapped in a FT-ICR mass spectrometer. A 

continuous tunable free electron laser provided radiation in the 300-1800 cm-1 domain.  
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1. Results 

a. TMC 

The experimental IRMPD spectrum of TMC-H+ (in black) and TMC-D+ (in red) 

in the 600-1900 cm-1 domain is shown in Figure 5.4. The most intense band around 1500 

cm-1 comes from HCH scissor modes. There is a shoulder around 1700 cm-1 that 

anharmonic calculations11 ascribe to the NHN bend, but upon replacing the bridging H+ 

with D+, that shoulder increases in intensity, voiding the possibility that that band is 

involved with the bridging hydrogen. However, there is a band at 1340 cm-1 in the H+ 

bridged species that disappears in spectrum of the D+ bridged species, but other chain 

motions in a lower domain obscure the reappearance of the NDN band at a longer 

wavelength. Could this be the NHN bending motion? There seem to be no other bands 

that are present in the spectrum of TMC-H+, which are absent in the spectrum of TMC-

D+. 
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Figure 5.4: IRMPD spectra of TMC-H+ (in black) and TMC-D+ (in red) in the 600-1900 
cm-1 wavelength domain, in which the y-axis corresponds to the fractional yield of 
dimethylamine loss 
 
 

The experimental IRMPD spectrum of TMC-H+ in the longer wavelength domain, 

350-600 cm-1, is shown in Figure 5.5. Unfortunately, the signal is too weak and noisy for 

any accurate and reliable band assignment. There is a band at 475 cm-1 in the TMC-H+ 

spectrum, but the low intensity did not warrant recording the TMC-D+ spectrum in that 

domain. The calculated anharmonic spectrum predicts the NDN asymmetric stretch to be 

at 1361 cm-1. This value cannot be correct, because the same anharmonic calculation 

predicted the NHN asymmetric stretch to be at 1061 cm-1. The band observed in the 

experimental spectrum does not change with a bridging D+. 
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Figure 5.5: IRMPD spectra of TMC-H+ in the long wavelength domain, in which the y-
axis corresponds to the fractional yield of dimethylamine loss 

 
 

The DFT harmonic and anharmonic predictions of the vibrational spectrum for 

bridging H+ and D+ and the experimentally observed frequencies are listed in Table 5.3. 

Harmonic calculations predict the NHN asymmetric stretch to be 2058 cm-1 and the NDN 

stretch to be 1630 cm-1. These values are higher than the anharmonic predictions of 1061 

cm-1 for the NHN asymmetric stretch and 1361 cm-1 for the NDN asymmetric stretch. . In 

the region where the NHN asymmetric stretch is predicted to appear by anharmonic 

calculations, there is no band that disappears when H+ is substituted with D+; in fact, the 

H+ bridged spectrum and the D+ spectrum are almost identical and overlap one another. It 

is anomalous for the NDN stretch to occur at a higher frequency than the NHN stretch. 

The anharmonic calculations in the preceding theoretical chapter (Chapter 4) provide a 

more convincing prediction. Anharmonic calculations predict peaks at a much lower 

frequency than DFT normal modes calculations. In general, the anharmonic predictions 
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closely match the spectrum that is experimentally observed. The value predicted by the 2-

dimensional surface is 535 cm-1. 

Harmonic and anharmonic normal modes calculations do not differ greatly in 

frequency when predicting the NN symmetric stretch. Calculations predict two vibrations 

to possess NN symmetric stretch character, around 480 cm-1 and 152 cm-1. 

 
 
Table 5.3: DFT harmonic and anharmonic predictions of the IR absorption vibrational 
spectra of TMC-H+ and TMC-D+ calculated at B3LYP/6-31G** (in cm-1). Harmonic 
absorption intensities appear in parenthesis. 

H+     D+     
Unscaled Scaled Anharmonic Unscaled Scaled Anharmonic 
25 (1)   11 25 (1)   8 
90 (1)   95 90 (1)   93 
120 (1)   125 120 (1)   123 
126 (1)   127 126 (1)   125 
149 (3)   147 149 (3)   146 
153§ (23)   154§ 152§ (22)   151§ 
211 (1)   207 211 (1)   206 
238 (2)   235 238 (2)   234 
248 (1)   238 248 (1)   238 
258 (6)   243 258 (6)   242 
276 (1)   259 276 (1)   258 
288 (1)   278 287 (1)   277 
315 (4)   305 314 (4)   304 
338 (1)   334 338 (1)   333 
384 (3)   383 383 (3)   382 
418 (1)   417 414 (3)    404 
427 (1)   422 426 (1)   422 
436 (7)   436 435 (9)   435 
445 (19)   437 444 (18)   436 
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484§§ 
(30)   476§§ 479§§ (29)   473§§ 
503 (8)   499 503 (8)   493 
718 (19)   706 716 (22)   703 
746 (9)   731 745 (7)   722 
821 (22) 792 795 817 (31) 788 756 
861 (19) 831 846 859 (19) 829 846 
881 (24) 850 860 880 (24) 849 860 
899 (1) 868 879 897 (1) 866 879 
952 (35) 919 925 939 (32) 906 916 
981 (7) 946 953 980 (6) 945 953 
1006 (13) 971 1031 1000 (21) 965 973 
1017 (17) 981 991 1001 (13) 966 979 
1028 (2) 992 1002 1028 (2) 992 1002 
1035 (14) 999 1009 1033 (4) 997 1010 
1074 (19) 1036 1046 1046 (9) 1009 1028 
1091 (1) 1053 1068 1068 (20) 1031 1041 
1096 (2) 1057 1071 1091 (6) 1053 1067 
1113 (1)  1074 1088 1111 (10) 1072 1084 
1120 (1) 1081 1094 1118 (6) 1079 1093 

1138 (1) 1098 1141 
1130* 
(49) 1091 1086* 

1195 (38) 1153 1153 1140 (29) 1100 1105 
1201 (11) 1159 1173 1189 (8) 1147 1157 
1205 (21) 1163 1179 1199 (15) 1157 1156 
1248 (2) 1204 1219 1212 (83) 1170 1167 
1256 (13) 1212 1221 1243 (11) 1199 1212 
1271 (4) 1226 1234 1265 (2) 1220 1229 
1305 (6) 1259 1270 1274 (1) 1229 1238 
1318 (1) 1272 1291! 1298 (17) 1253 1263 
1342 (10) 1295 1294 1313 (15) 1267 1275 
1350 (17) 1303 1366 1322* (4) 1276 1292!!* 
1390 (1) 1341 1355 1337 (34) 1290 1271 
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1405 (4) 1356 1372 1351 (25) 1303 1314 
1407 (1) 1358 1356 1389 (1) 1340 1353 
1420 (7) 1370 1387 1405 (8) 1356 1370 
1425 (4) 1376 1389 1408 (1) 1358 1372 
1449. (1) 1399 1420 1420 (23) 1370 1381 
1455 (4) 1404 1425 1426 (5) 1376 1393 
1468 (19) 1416 1417 1450 (4) 1399 1416 
1482 (3) 1430 1446 1455 (58) 1404 1384 
1484 (3) 1432 1492 1455 (13) 1404 1421 
1491 (8) 1439 1448 1482 (2) 1430 1446 
1494 (4) 1441 1451 1484 (6) 1432 1447 
1495 (4) 1443 1453 1490 (3) 1438 1449 
1499 (11) 1446 1457 1493 (7) 1440 1447 
1505 (2) 1452 1463 1495 (12) 1443 1456 
1507 (12) 1454 1465 1498 (5) 1445 1461 
1511 (4) 1459 1466 1503 (7) 1450 1463 
1513 (14) 1460 1480 1508 (8) 1455 1467 
1519 (10) 1466 1474 1508 (7) 1455 1444 
1520 (23) 1467 1486 1513 (7) 1460 1482 
1526 (12) 1473 1487 1519 (27) 1466 1478 
1532 (30) 1478 1468 1520 (9) 1467 1478 
1657* 
(29) 1599 1616* 1525 (19) 1472 1483 
1667* (4) 1609 1629* 1532 (36) 1478 1490 
2058+ 
(2559) 1986 1061+ 

1630+ 
(973) 1573 1361+ 

+NHN/NDN asymmetric stretch 
§NN symmetric stretch 
§§NN stretch coupled with chain torsion 
*NHN/NDN bends 
!!Band is expected to increase with deuteration, but experimental data shows band 
disappears 
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Table 5.4: Experimentally observed IR absorptions matching calculated anharmonic 
peaks of TMC-H+ and TMC-D+ (in cm-1). Combined harmonic absorption intensities 
appear in parenthesis. 

H+ D+ 
Calc’d Peaks Obs’d Bands Calc’d Peaks Obs’d Bands 

706, 731 (28) 728 722, 756 (38) 736 
795, 846 (41) 794 846, 860 (43) 800 
860, 879 (25) 882! 953, 973 (27) 943 
925, 953 (42) 944 1002, 1010, 1028 

(15) 
1002 

991, 1002, 1009 
(33) 

1004 1041, 1067, 1084 
(36) 

1051 

1046, 1069 (20) 1053 1156, 1167 (98) 1172 
1153, 1173, 1179 
(70) 

1168 1229, 1238, 1263 
(20) 

1247 

1219, 1221, 1234 
(19) 

1226 1353, 1370, 1372, 
1381 (33) 

1366 

1366 (17) 1336 1461, 1463, 1467, 
1478, 1482, 1483 
(73) 

1472 

1463, 1465, 1466, 
1468, 1474, 1480, 
1486, 1487 (107) 

1475   

1616, 1629 (33) 1599!   
!Shoulder 

 

b. 33HMC 

The low signal-to-noise ratio in the TMC-H+ spectrum obscured the ability to 

confidently assign a band corresponding to the NHN asymmetric motion, so the 3,3-

dimethyl homologue was synthesized and its IRMPD spectrum recorded and compared 

with calculated results. gem-Dimethyl substitution on a linear aliphatic chain is predicted 
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to aid in cyclization of the molecule (known as the Thorpe-Ingold effect) and should also 

lower the barrier for proton transit.12 

The experimental IRMPD spectrum of 33HMC-H+ (in black) and 33HMC-D+ (in 

red) in the 600-1800 cm-1 region is shown in Figure 5.6. As in TMC-H+, the most intense 

band around 1500 cm-1 comes from HCH scissor modes. There is a shoulder around 1700 

cm-1 that cannot be assigned to the NHN bend, because that shoulder increases in 

intensity in the D+ bridged spectrum. There is a band around 1350 cm-1, which disappears 

when D+ is substituted for the bridging H+. This band could be the NHN bending motion, 

because it is consistent with the IRMPD results from TMC-H+. If the position of this 

band shifts, it cannot be seen reappearing, perhaps due to being obscured by other bands. 

However, it is clear that the intensity of this band completely diminishes upon 

deuteration. Other than this one band, there are no other bands in the mid-range that 

disappear upon deuteration. The spectrum for the D+ bridged species otherwise closely 

resembles the spectrum for the H+ bridged species.  
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Figure 5.6: IRMPD spectra of 33HMC-H+ (in black) and 33HMC-D+ (in red) in the 600-
1900 cm-1 wavelength domain, in which the y-axis corresponds to the fractional yield of 
dimethylamine loss 

 
 
 
The experimental IRMPD spectrum in the longer wavelength domain, 300-650 

cm-1, is shown in Figure 5.7. There is a band in the region just above 550 cm-1 that 

disappears upon deuteration. Not only does the band diminish in intensity, it completely 

disappears. This is assigned to be the NHN asymmetric motion. Calculations at 

B3LYP/6-31G** and B2-P3LYP/cc-pVTZ//B3LYP/6-31G** levels of theory predict this 

peak to be at 479 cm-1 and 490 cm-1, respectively. The band should reappear at a lower 

intensity for the D+ bridged species, but the predicted values of 248 cm-1 and 238 cm-1, 

for B3LYP/6-31G** and B2-P3LYP/cc-pVTZ//B3LYP/6-31G** levels of theory, 

respectively, falls out of the range of the instrument settings. Therefore, we do not see the 

asymmetric stretch reappearing in the D+ bridged species in a lower frequency domain.  
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Figure 5.7: IRMPD spectra of 33HMC-H+ (in black) and 33HMC-D+ (in red) in the long 
wavelength domain, in which the y-axis corresponds to the fractional yield of 
dimethylamine loss 

 
 
 
Figure 5.5 and Figure 5.6 show independent scans of the 550-650 cm-1 domain, 

and both display the same result: a broad 560-670 cm-1 absorption that vanishes upon 

deuteration. The DFT harmonic and anharmonic predictions of the vibrational spectrum 

for bridging H+ and D+ and the experimentally observed frequencies are listed in Table 

5.5. 

 

Table 5.5: DFT harmonic and anharmonic predictions of the IR absorption vibrational 
spectrum of 33HMC-H+ and 33HMC-D+ calculated at B3LYP/6-31G** and 
experimentally observed frequencies for 33HMC-H+ and 33HMC-D+ (in cm-1). 
Combined harmonic absorption intensities appear in parenthesis. 
Calc'd 
Peaks       

Obs'd 
Bands   

H+   D+   H+ D+ 
Unscaled Scaled Unscaled Scaled     

150§ (19)   149§ (19)       
225** (9)   224** (9)       
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265**, 
279** (4)   

264**, 279** 
(4)       

346, 360 
(5)   345, 360 (5)       
431, 435 
(12)   

416, 428, 434 
(15)       

448 (4)   448 (4)       
472§§ (46)   468§§ (46)       
570 (9)   569 (9)    572   
678 (7)   677 (8)     712!  
762, 785 
(40)   761 (9)    745  754 
853, 867 
(12) 823, 837 780 (49)    842   
891 (22) 860 852, 864 (15) 822, 834  876  841 
940, 954 
(34) 907, 921 890 (20) 859     
979, 982, 
1009 (43) 

945, 948, 
974 939, 942 (33) 906, 908  962  875 

1025, 1036, 
1046 (24) 

989, 1000, 
1009 972, 981 (22) 938, 947  1020  946 

1075, 1086 
(13) 

1038, 
1048 1002 (21) 967     

1118 (2) 1079 1021 (13) 985     
1135 (5) 1096 1074 (14) 1035    1022 
1181, 1192 
(38) 

1140, 
1150 1110 (56) 1071  1134  1196! 

1208 (42) 1166 1145 (48) 1105  1196   
1358, 1363 
(43) 

1310, 
1315 1182 (34) 1141  1235   

1415, 1420 
(15) 

1366, 
1370 1200 (28) 1158  1358   

1447, 1449, 
1457 (12) 

1397, 
1399, 
1406 1202 (40) 1160  1384   

1483, 1487, 
1493 (14) 

1432, 
1435, 
1441 1214* (19) 1172     

1502, 1507, 1450, 1230 (19) 1187    1226 
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1510, 1513, 
1518, 1519 
(59) 

1454, 
1458, 
1460, 
1465, 
1466 

1524, 1528, 
1532, 1533 
(68) 

1471, 
1475, 
1479, 
1479 

1297*, 1311 
(19) 1252, 1265     

1663* (21) 1605 1340 (19) 1293    1285 
1675* (4) 1616 1345 (76) 1298   
1999+ 
(2508)  1929 

1406, 1414 
(28) 1357, 1364  1479   

    

1518, 1519, 
1523, 1528 
(94) 

1465, 1466, 
1470, 1475    1385 

    1532 (23) 1478     
    1608+ (854) 1552    1475 

+NHN/NDN asymmetric stretch 
§NN symmetric stretch 
§§NN stretch coupled with chain torsion 
*NHN/NDN bends 
**CH3 torsions coupled with low frequency chain motions 
!Shoulder 
 

 

c. 22HMC 

The experimental IRMPD spectrum of 22HMC-H+ (in black) and 22HMC-D+ (in 

red) is shown in Figure 5.8 from 300-1700 cm-1. The spectrum from 300-650 cm-1 was 

recorded on a separate day when the free electron beam was adjusted to scan at lower 

frequencies, but the baseline was adjusted to match the spectra taken at mid-range, 

creating Figure 5.8.  
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Figure 5.8: IRMPD spectra of 22HMC-H+ (in black) and 22HMC-D+ (in red) in the 
wavelength domain 350-1700 cm-1, in which the y-axis corresponds to the fractional 
yield of dimethylamine loss. The portion of the spectra corresponding to the long 
wavelength domain was baseline-adjusted to match the mid-range spectra. 
 

 

Again, the most intense band around 1500 cm-1 comes from HCH scissor modes. 

The shoulder around 1700 cm-1 seems to increase in intensity when the H+ is replaced 

with D+, so this peak cannot be the NHN bend. There is a band at 1320 cm-1 that is 

present only in the H+ bridged spectrum. This may be the bending motion that is present 

in the same domain for TMC-H+ and 33HMC-H+. There is no direct evidence of the 

reappearance of this band at a lower frequency upon deuteration, perhaps because other 

bands may obscure it.  

There is a band at 650 cm-1, which appears to be of Lorentzian shape and has a 

full width at half maximum (FWHM) of 100 cm-1. This band is present in the hydrogen-

bridged species, but disappears in the deuterium-bridged spectrum. 
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The DFT harmonic and anharmonic predictions of the vibrational spectrum for 

bridging H+ and D+ and the experimentally observed frequencies are listed in Table 5.6.  

 

Table 5.6: DFT harmonic and anharmonic predictions of the IR absorption vibrational 
spectrum of 22HMC-H+ and 22HMC-D+ calculated at B3LYP/6-31G** and 
experimentally observed frequencies for 22HMC-H+ and 22HMC-D+ (in cm-1). 
Combined harmonic absorption intensities appear in parenthesis. 
Calc'd 
Peaks       

Obs'd 
Bands   

H+   D+   H+ D+ 
Unscaled Scaled Unscaled Scaled     

125 (2)   125 (2)       
146 (4)    146 (4)       
155§ (14)   154§ (14)       
240** (1)   240** (1)      
264** (1)   263** (1)      
338 (2)   355, 358 (10)       
356, 360 
(10)   443, 448 (20)    364  439 

445 (16)   
493§§, 498 
(30)    435  573 

449 (1)  695 (10)    468  664 
495§§, 501 
(29)   780 (32)    496  770 
529 (7)   838, 845 (19) 809, 815  619  818 
696 (10)   941, 954 (32) 908, 921  700!   
780 (31)  958 (18) 925  815  926 
842, 846 
(15) 813, 817 

991, 1002 
(46) 956, 967    969! 

943, 956 
(32) 910, 923 1094 (33) 1056  933  1016 

967 (20) 933 
1107, 1119 
(41) 1068, 1079    1082 

998, 1010 
(49) 963, 975 1133 (4) 1093  983  1157 
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1019 (14) 983 1183 (6) 1141  1012  1182 
1041, 1042 
(15) 1005, 1005 

1223, 1225, 
1236 (73) 

1180, 1183, 
1192  1057!  1254 

1174 (8) 1133 1281* 1236   
1251, 1254 
(18) 1208, 1210 1301* 1246   
1345, 1352 
(14) 1298, 1305 

1353, 1363 
(52) 1306, 1315  1184  1330 

1368, 1397 
(7) 1320, 1348 

1448, 1452, 
1456, 1461 
(61) 

1397, 1401, 
1405, 1410  1232  1382 

1469 (13) 1418 
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2. Discussion 

In Figure 5.4, a band appears that is not present in the D+ bridged species. This 

band at 1340 cm-1 is provisionally assigned as one of the NHN bends. Bends in the same 

domain are observed for protonated 33HMC and protonated 22HMC, which vanish upon 

deuteration. No concrete conclusions regarding lo frequency vibrations can be drawn 

from Figure 5.5 due to the weak signal and the high signal to noise ratio. 

The 1-dimensional potential energy surface constructed for 33HMC-H+ predicts 

the NHN asymmetric stretch to be 479 cm-1 and 490 cm-1, for B3LYP/6-31G** and B2-

P3LYP/cc-pVTZ//B3LYP/6-31G** levels of theory, respectively. The NDN asymmetric 

stretch to is calculated to be 248 cm-1 and 238 cm-1, for B3LYP/6-31G** and B2-

P3LYP/cc-pVTZ//B3LYP/6-31G** levels of theory, respectively. More sophisticated 

calculations constructing a 2-dimensional surface predict the NHN symmetric stretch to 

be 561 cm-1 for bridging H+. Experimental results show that, in the low frequency 

domain, there is a band that is present in the proton-bridged species that disappears upon 

replacement of the H+ with D+. 2-dimensional analyses predict the NDN stretch to be 303 

cm-1, but unfortunately, that falls outside the domain of the free electron laser scan and 

was not experimentally observed.  

The experimentally broad band observed for 33HMC-H+ at 560-670 cm-1 

disappears upon replacement of the bridging H+ with D+. This band is tentatively 

assigned to be the NHN asymmetric stretching vibration. 1-dimensional potential energy 

calculations (at both levels of theory) underestimate the NHN vibration by about 60-70 

cm-1 for the H+ bridged species. However, the 2-dimensional analysis predicts a peak that 
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falls in that domain. The 2-dimensional potential energy surface predicts a value of 561 

cm-1 for the asymmetric motion of the bridging H+, but it gives no indication of its width. 

This could also be the NN symmetric stretch, which is predicted by 2-dimensional 

analysis to appear at 510 cm-1. However, there is no reappearance of this band for the 

deuterated species. One explanation to account for the lack of reappearance is that other 

bands obscure the reappearing band. The very broad band from 550-650 cm-1 in the 

33HMC-H+ spectrum may be a combination of two or more bands. One of the bands that 

disappears in than range may reappear in the 33HMC-D+ spectrum at 425cm-1. The D+-

bridged spectrum shows a band between 400-550 cm-1 that leans heavily towards the left, 

meaning that, if this broad band were a combination of two or more bands, the intensity 

of the bands in the lower frequency domain would be stronger. On the other hand, the 

spectrum of the H+-bridged species in the same region (400-550 cm-1) has bands that lean 

heavily towards the right, meaning that if this were a combination of two or more bands, 

the bands in the higher frequency domain would be more intense. The bands that show up 

in the left-hand side of the broad band at 400-550 cm-1 in the D+-bridged species may be 

the reoccurrence of bands that disappear in the 550-650 cm-1 range in the H+-bridged 

species. 

The term line broadening refers to both the band shape and band width of a 

vibrational absorption. Broadening can be homogeneous or inhomogeneous. 

Homogeneously broadened emission lines will tend to have a Lorentzian profile, while 

inhomogeneous broadened emission will tend to have a Gaussian profile.  
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Homogeneous broadening is observed in many techniques, but is especially 

present in IRMPD spectra. Once the ion absorbs radiation, it relaxes and can also couple 

with other motions. The degree of broadening is dependant on the multi-photon 

technique, as well as the degree to which one motion couples with other motions. IRMPD 

is especially sensitive to anharmonicity.  

1-Dimensional analysis predicts that the NHN asymmetric stretch in 33HMC 

couples with other motions (such as torsions), so broadening of the NHN asymmetric 

stretch would be present regardless of the technique used. This may explain the broadness 

of the band assigned to be the asymmetric stretch in 33HMC. There is no 2-dimensional 

analysis for 22HMC to predict the degree to which this motion couples with other 

motions.  

A second type of spectral band broadening is inhomogeneous broadening. In the 

gas phase, this type of broadening would have to be due to the presence of more than one 

conformer in the spectrum. Could the broadening of 33HMC be due to two (or more) 

conformers in the gas phase? In the crystal structures of 33HMC (discussed in Chapter 

3), the cation packed in two different habits, orthorhombic and monoclinic (although the 

conformations appear to be the same within the limits of observed disorder). If these were 

two conformers in the gas phase as well, each conformer would have its own asymmetric 

stretch, and the combination of the two (or more) bands would lead to broadness. In the 

case of 22HMC-H+, the asymmetry of the double wells in the potential energy diagram 

would render the proton localized on one nitrogen, and this consistency of the proton on 
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one nitrogen in the gas phase would lead to a more narrow band in the vibrational 

spectrum. 

However, if the two (or more) conformers are the reason why the 33HMC 

asymmetric stretch is broader than the 22HMC stretch, then this variability in 

conformation should also broaden other motions associated with the bridging proton, 

namely the NHN bend. The band assigned to be the NHN bend in 33HMC and 22HMC is 

about 50 cm-1, and does not appear dramatically broader in 33HMC. In fact, the NHN 

bend is even more narrow in 33HMC than in 22HMC. This is not in agreement with the 

explanation of why the NHN asymmetric stretch is broader in the case of 33HMC.  

Meuwly and Karplus theoretically investigated the proton transfer in N2H7
+ and 

inferred that the vibrational spectrum has a very strong extent of homogeneous 

broadening.13 This is due to the anharmonic nature of the asymmetric stretch, as well as 

the fact that the dimer relaxes quickly after it absorbs radiation, leading to broader bands 

in the spectra. Their theoretical calculation was a B3LYP/6-31G** anharmonic 

calculations, which predicted the NHN asymmetric stretch to be 336 cm-1. However, the 

motion of the proton transfer in this study extends over 2000 cm-1. This may be due to the 

extremely fast relaxation in N2H7
+. 

Asmis et al. get experimental results of the vibrational spectrum of N2H7
+, which 

is not in line with Meuwly and Karplus’ predictions. The band assigned to the 

asymmetrical stretch has a FWHM of about 50 cm-1. This band is much more narrow and 

does not display a broad stretch spanning 2000 cm-1. Although Meuwly and Karplus’ 
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predictions do not pertain to N2H7
+, the explanation can be extended to pertain to the 

broad peak observed in the vibrational spectrum of 33HMC-H+. 

33HMC may relax relatively fast because the NHN asymmetric is anharmonic 

and couples with other motions, but it does not lead to such an extreme broadening as 

predicted in the case of N2H7
+. The broadening seen in 33HMC is about 100-120 cm-1. 

The NHN asymmetric stretch in 22HMC is not as broad as 33HMC. The band assigned to 

the NHN asymmetric stretch in 22HMC has a 100 cm-1 FWHM.  

The 1-dimensional potential energy surface constructed for 22HMC-H+ predicts 

the NHN asymmetric stretch to be 1308 cm-1 and 1332 cm-1, for B3LYP/6-31G** and 

B2-P3LYP/cc-pVTZ//B3LYP/6-31G** levels of theory, respectively. The NDN 

asymmetric stretch to is calculated to be 711 cm-1 and 737 cm-1, for B3LYP/6-31G** and 

B2-P3LYP/cc-pVTZ//B3LYP/6-31G** levels of theory, respectively. These calculated 

peaks are not present in the experimental spectra. 1-Dimensional analysis appears to fail 

to accurately predict the asymmetric stretch. Experimental results show a band that is 

present in the hydrogen bridged species, which disappears upon replacement of the 

bridging H+ with D+, at 600 cm-1. This band is assigned to be the NHN asymmetric 

stretch and lies in the same domain as the broad band observed for 33HMC-H+. This 

band is much more narrow than the band assigned to correspond to the NHN asymmetric 

stretch in 33HMC.  

There is a band around 1320 cm-1 that disappears upon deuteration. That band is 

assigned to be the NHN bend, due to the similarity in the 33HMC-H+ and TMCH+ 

spectra.  
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Just as the 1-dimensional analyses overestimated by up to 70 cm-1 the vibrational 

transition for 33HMC, a 1-dimensional analysis appears to be inadequate for frequency 

predictions for 22HMC. The 1-dimensional picture makes the surprising prediction that 

making the two nitrogens slightly nonequivalent has a profound effect on the asymmetric 

stretching frequency. Experiments do not bear out that prediction. The band that is 

experimentally observed is less than half of the value predicted in the 1-dimensional 

calculations. This gross overestimation may be due to the asymmetry of the wells in the 

potential energy surface. For 22HMC, the calculated 1-dimensional potential energy 

surface predicts that the zero point barrier for both H+ and D+ lie above the barrier height. 

Perhaps, this is not an accurate representation and the zero point energy for D+ is actually 

below the barrier and the deuterium is localized on one nitrogen or the other. Suppose the 

zero point barrier for H+ is also below the barrier, then this would also provide an 

explanation as to why the band observed in 22HMC is more narrow than in 33HMC. The 

localization of the proton on one nitrogen would lead to narrower bands. 1- and 2-

Dimensional analyses predict symmetrical well in the potential energy surface of 33HMC 

with zero points above the barrier. This would permit the proton to transit from one 

nitrogen to the other, and this would lead to broader bands for the NHN asymmetric 

stretch, which is what is experimentally observed.  

Although the 1-dimensional picture does not give a correct representation, 

construction of a 2-dimensional potential energy surface for 22HMC is too difficult to 

attempt at this time. Experimentally, the major difference between the symmetric 

33HMC-H+ and the unsymmetrical 22HMC-H+ appears to be the peak width, rather than 
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the peak position. Since none of our calculations are equipped to evaluate relaxation 

times, the experimental finding has yet to be correlated with theory.  

Figure 5.9 shows the spectra of 33HMC-H+ (in red) and 22HMC-H+ (in black) in 

the low frequency domain from 300-650 cm-1. The spectra are very similar, although 

intensity is much lower in 33HMC-H+. There is a band from 350-400 cm-1 in 22HMC-H+ 

that seems to be absent in 33HMC-H+. This may have to do with the asymmetry of the 

dimethyls on the chain. Perhaps when the gem-dimethyl are in the 2 position, they 

contribute to some sort of low frequency asymmetric chain motion that is absent, or 

symmetrical and cancel out, in the 33 isomer. In the figure of 33HMC in the mid-range 

(Figure 5.6) and in the low frequency domain (Figure 5.7), there is a broad band that 

extends beyond 650 cm-1 and continues flatly until the next band at 750 cm-1. Conversely, 

22HMC has a band that peaks around 600 cm-1, then decreases in intensity.  

 
 

               
Figure 5.9: IRMPD spectra of 22HMC-H+ (in black) and 33HMC-H+ (in red) in the long 
wavelength domain, in which the y-axis corresponds to the fractional yield of 
dimethylamine loss 
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For TMC, 33HMC, and 22HMC, animation of normal modes shows peaks around 

150 cm-1 from NN stretch. Peak around 480 cm-1 are also predicted to have NN stretch 

character, but are coupled with chain motions. The predictions are very similar for all 

three molecules. The 2-dimensional surfaces for the conjugate acid ions of 33HMC 

predict symmetric NN stretch to be around 510 cm-1, without any consideration of 

motions of the flexible chain. This is almost three times the value predicted by normal 

modes calculations. Also, normal modes calculations do not predict a change in the 

frequency of the NN symmetric stretch when substituting D+ for H+. 2-Dimensional 

analysis of 33HMC predicts the NN symmetric stretch with a bridging D+ is 480 cm-1, but 

this is not seen in the experimental spectrum, perhaps because its reappearance is 

obscured by other bands in this domain.  

In TMC-H+, 33HMC-H+, and 22HMC-H+, the NHN bends are predicted to appear 

at a higher frequency than the NHN asymmetric and NN symmetric stretches. The band 

around 1340 cm-1 in all three diamines disappears in the D+ bridged isotopomer and is 

assigned to be one of the NHN bends. This band appears at a position roughly 200-300 

cm-1, that what is predicted by DFT normal modes calculations.  

Anharmonic and harmonic ab initio calculations on TMC-H+ predict the NHN 

bends to be at 1629 cm-1 and 1616 cm-1, and 1667 cm-1 and 1657 cm-1, respectively. 

However, the experimental spectrum shows a shoulder in the region where the NHN 

bends are expected to show up that does not disappear when the bridging H+ is replaced 

with D+; in fact, the shoulder increases in intensity. Anharmonic calculations of TMC-D+ 

predict the NDN bend should show a peak at 1292 cm-1 and 1086 cm-1, respectively. 
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However, the appearance of these peaks may be mixed with other vibrations in the same 

frequency domain.  

The predicted NHN bends for 33HMC-H+ and 22 HMC-H+ are 1663 cm-1 and 

1675 cm-1, and 1627 cm-1 and 1654 cm-1, respectively. The predicted NDN bends for 

33HMC-D+ and 22 HMC-D+ are 1215 cm-1 and 1297 cm-1, and 1281 cm-1 and 1301 cm-1, 

respectively. There is not much difference in the NHN bends for 33HMC-H+ and 

22HMC-H+, but in the deuterated species, 33HMC-D+ has one predicted NDN bend that 

is much lower (65 cm-1) than that predicted for 22HMC-D+. This may have to do with the 

position of the gem-dimethyls on the chain. But, in general, the NHN/NDN bends for 

33HMC and 22HMC are similar. 

 

3. Conclusion 

Inferences can be drawn from consideration of the IRMPD spectra from TMC, 

33HMC, and 22HMC together. The data are analyzed looking at all three molecules with 

bridging H+ and bridging D+. 2-Dimensional anharmonic calculations on TMC predict 

that the asymmetric stretch should appear at 1061 cm-1. In this region in the experimental 

spectra (Figure 5.4), there is no peak that disappears in the deuterium bridged species. In 

fact, the peak at 1061 cm-1 (and the surrounding peaks) is the same in the H+-bridged 

species as in the D+-bridged species. No peaks disappear or change in intensity. 

Therefore, it can be concluded that the anharmonic calculations make poor predictions 

for the position of the anharmonic stretch in the case of TMC.  
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The NHN bends are predicted by 2-dimentional calculations to appear round 1620 

cm-1. Figure 5.4 shows that, in this region, the intensity of the D+-bridged molecule is 

higher than that of the H+-bridged molecule. If this were the NHN bend, it would 

disappear upon replacement of H+ with D+. However, the peak that disappears when 

substituted with a bridging D+ at 1340 cm-1 is provisionally assigned to one of the NHN 

bending motions. This assignment is supported by the fact that there is a peak at 1350 cm-

1 in the spectrum of 33HMC-H+ and a peak at 1320 cm-1 in the spectrum of 22HMC-H+, 

both of which disappear upon replacement of the bridging H+ with D+. Both anharmonic 

and harmonic modes calculations predict the NHN bend to appear at a higher frequency 

than is observed. Yang et al. calculated the NHN bend in N2H7
+ to be at 1598 cm-1, and 

their calculations were supported by a band present in this region, which they assigned to 

be an NHN bend.  

In the spectrum of 22HMC (Figure 5.8), one band that disappears upon 

deuteration in the low frequency domain is a band at 650 cm-1. This band has a FWHM of 

100 cm-1. This band is more narrow than the band in the same region in the 33HMC 

spectrum. Its position was not predicted by 1-dimensional calculations to be so low. 1-

Dimensional calculations predicted a peak corresponding to the NHN asymmetrical 

stretch at around 1300 cm-1, but the band that disappears in this region is provisionally 

assigned to be the NHN bend, due to the consistency with the IRMPD spectra of TMC 

and 33HMC also having the same band disappear in this region.  

Given the difficulty of calculating points for an unsymmetrical system, no 2-

dimensional potential energy surface has yet been constructed for 22HMC, and the 1-
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dimensional analysis is unreliable in predicting the asymmetric motion of the bridging 

hydron. However, there is a peak at 600 cm-1 that disappears upon replacement of the 

bridging H+ with D+. This value is close to the experimentally observed 560-670 cm-1 

band for 33HMC-H+. This peak can be assigned be the asymmetric stretch for 22HMC-

H+. The band that disappears around 600 cm-1 is assigned to be the NHN asymmetric 

stretch because of the similarity of this band position to the band observed in 33HMC. 

These isomers vary only in the position of the gem-dimethyls, and that should not have a 

great effect on the position of the NHN asymmetric stretch. Since the 2-dimensional 

calculations on 33HMC correctly predict the NHN asymmetric stretch to be in the low 

frequency domain, it can be assumed that the same calculations should estimate the NHN 

asymmetric peak for 22HMC. By the same token, the NDN asymmetric stretch for 

33HMC is predicted to fall out of the range of the instrument, and this could very well be 

the same case for 22HMC. This may be why there is no new peak reappearing in the 

spectrum of the deuterium bridged species. 

2-dimensional calculations constructing a symmetrical potential energy surface 

support this assignment. Although 1-dimensional predictions underestimate by about 70 

cm-1, the more sophisticated 2-dimensional analysis comes very close to the actual 

experimentally observed value. For N2H7
+, a 6-dimensional computational analysis 

predicted that the NHN asymmetric stretch should occur at 409 cm-1 and a band was 

experimentally observed at 374 cm-1, which Yang et al. assign to the NHN asymmetric 

stretch. 
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The disappearance of a band in 33HMC and 22HMC in the long wavelength 

domain may be the NHN asymmetric stretch, or it may be the NN symmetric stretch. 2-

Dimensional analysis of 33HMC-H+ predicts the NN symmetric stretch to be around 510 

cm-1. This is close to the experimentally observed band that disappears upon deuteration. 

Due to a lack of 2-dimensional analysis of 22HMC-H+, comparison cannot be made with 

this isomer. If this band is in fact the NN symmetric stretch that higher dimensional 

analyses predict, then where is the asymmetric stretch? Perhaps it is obscured by the 

symmetrical stretch.  

Close observation of Figure 5.7 shows that the broad peak may be a combination 

of two or more bands. Perhaps one of these bands moves to the left, contributing to the 

intensity of the existing band. There is a band in 33HMC-H+ around 450-500 cm-1, which 

disappears. Perhaps the motion responsible for this band reappears in the spectrum for 

33HMC-D+ at 425 cm-1. There is a similar occurrence in the case of 22HMC. Figure 5.8 

shows the spectrum for 22HMC-H+ has a big band at 450 cm-1 with a small shoulder near 

475 cm-1. This shoulder disappears in the 22HMC-D+ spectrum, and may reappear under 

the 425cm-1 band so it is obscured and cannot be independently observed.  

In conclusion, the disappearance of a band in the long wavelength domain for 

33HMC-H+ and 22HMC-H+ may be the NHN asymmetric stretch, the NN symmetric 

stretch, or some composite of peaks moving upon deuteration. It may be a combination of 

two or more of these explanations. Reappearance of the band in the deuterium-bridged 

species would provide more concrete answers. Also, a higher dimensionality analysis of 

all the diamines in question would also shed light on the assignment of these bands. 
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However, two things are clear. There is a band around 1320 cm-1 that disappears upon 

deuteration for TMC, 33HMC, and 22HMC. Also, there is also a band in the low 

frequency domain that disappears upon deuteration in 33HMC and 22HMC. The band 

disappearing in the mid-range is most likely an NHN bend, and the low frequency band is 

probably the NHN asymmetric stretch. 
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The focus of this study has been acyclic tertiary diamines that cyclize upon 

protonation to form a low barrier hydrogen bond (LBHB). The principal focus was 

N1,N1,N5,N5,3,3-hexamethylpentane-1,5-diamine (33HMC), whose conjugate acid was 

studied using NMR, X-ray crystallography, mass spectrometry, and IRMPD. 

1H NMR studies were done on neutral, monoprotonated 33HMC, and 

diprotonated 33HMC, and their chemical shifts in deuterated nitromethane were 

recorded. Trifluoromethanesulfonic acid (HOTf) was added in successive increments 

and, with increased acid, the peak increased in size and moved downfield until it reached 

its most downfield position, 8.60 ppm, after 0.8 equivalents of HOTf. Additional acid 

shifted the equilibrium towards the diprotonated species, which has a peak at 8.15 ppm.  

Theory predicts a proton bridge to be deshielded, as confirmed by the foregoing 

experiments. The same titration was performed using 15N NMR, for which theory 

predicts a less obvious conclusion. Neutral 33HMC has a 15N chemical shift of 26.5 ppm. 

Diprotonated 33HMC has a chemical shift of 30.3 ppm. The mixture containing the 

greatest proportion of monoprotonated 33HMC exhibited a chemical shift of 33.7 ppm. 

As in the proton NMR experiment, the mostly monoprotonated sample had a peak that 

was more downfield than the neutral and diprotonated peaks.  

Two sets of monotriflate crystals were obtained, and X-ray crystallography 

showed that both had considerable disorder. The crystals differed in their packing 

structures: one was orthorhombic and the other was monoclinic. Both X-ray results 

showed a cyclic cation with an NN distance of about 2.7 Å. These results suggest that 
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monoprotonated 33HMC possesses an unusual, intramolecular hydrogen bond, perhaps a 

LBHB.  

Three sets of diprotonated crystalline salts were obtained. There were two 

conformations of the diprotonated diamines. The ditriflate crystals, which were in a bent 

conformation, correspond to four gauche interactions between CHs and two 1,5 

interactions between a methyl group and an NH. The diiodide and monochloride-

monotriflate crystals exhibited an extended conformation, which corresponds to six CH 

gauche interactions and no 1,5 interactions. Both conformations presumably have 

comparable energies, but differ in packing, probably due to the counterions.  

Mass spectrometric dissociation was examined for electrosprayed 33HMC-H+ 

ions, which showed loss of dimethylamine. This dissociation increases monotonically 

with increased collision energy, and very little competing dissociation was seen, 

although, with increased voltage, there is a peak that corresponds to the loss of a second 

molecule of dimethylamine. The question of whether or not there was any methyl 

exchange between nitrogens was probed using the monoquaternized ion. 33HMC-CD3
+, 

made by adding an excess of CD3I to the diamine, showed only the loss of N(CH3)2(CD3) 

and no loss of N(CH3)3, signifying no methyl exchange.   

Infrared multiple photon dissociation (IRMPD) provides a way to measure the 

vibrational spectroscopy of an isolated ion in the gas phase. To better interpret the 

IRMPD results of 33HMC, an isomeric molecule was synthesized, N1,N1,N5,N5,2,2-

hexamethylpentane-1,5-diamine (22HMC). 22HMC has the gem-dimethyls 

unsymmetrically placed along the carbon backbone of the molecule. 22HMC-H+ showed 
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a band at 620 cm-1. 1- and 2-Dimensional potential energy surfaces were constructed for 

33HMC to predict the energy associated with the first vibration transition associated with 

the symmetric NN and asymmetric NHN stretches. 2-Dimensional analysis predicts 540 

cm-1 for the vibration of the asymmetric motion of the bridging proton and 510 cm-1 for 

the NN stretch. The experimental band observed for 33HMC-H+ appears from 560-670 

cm-1 and is much broader than the corresponding band in 22HMC-H+. These bands from 

33HMC-H+ and 22HMC-H+ in the low frequency region disappear upon replacement of 

the bridging H+ with D+ and are assigned to the NHN asymmetric stretch. 

Another band that disappears upon replacement of bridging H+ with D+ in both 

22HMC and 33HMC occurs around 1350 cm-1. This band is assigned to be one of the 

NHN bends. The NHN bends are predicted by harmonic DFT calculations to appear 

round 1620 cm-1. There are no bands at that frequency that disappear upon deuteration. A 

band around 1350 cm-1disappears in the spectrum of N1,N1,N5,N5,tetramethylpentane-1,5-

diaminium (TMC-H+), a linear homologue, that lacks gem-dimethyl groups, as well as in 

33HMC-H+ and 22HMC-H+. Given the consistency in the IRMPD spectra in all three 

molecules, the band disappearing in the mid-range assigned as an NHN bend.   

Based on inferences drawn from various methods of investigation, 

monoprotonated 33HMC has been proved to exhibit a strong intramolecular hydrogen 

bond, with strong evidence that the proton bridge is a low barrier hydrogen bond.  

 




