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ABSTRACT OF THE DISSERTATION 
 
 
 
 

In Search of a Low Barrier Hydrogen Bond in Proton Bridged Diamines 
 
 

by 
 
 

Sepideh Yaghmaei 
 
 

Doctor of Philosophy, Graduate Program in Chemistry 
University of California, Riverside, December 2008  

   Dr. Thomas H. Morton, Chairperson 

 The term “Low Barrier Hydrogen Bond” (LBHB) is sometimes applied to 

describe short, strong hydrogen bonds, in which a proton is held between two basic sites 

having the same proton affinity.   The occurrence of LBHBs in enzyme-catalyzed 

reactions and proton transfer mechanisms has been debated for many years.  Creating 

small molecule mimics of enzymes is a well-characterized approach to probing 

mechanistic enzymology.  In this thesis monoprotonation of diamines has been examined, 

and results from gas and crystalline phases are compared.  Monoprotonated diamines can 

crystallize in three general motifs:  salt-bridged, cyclic, or clustered.  Primary diamines 

tend to form salt-bridged structures, in which one NH hydrogen bonds to the anion while 

another NH forms a strong hydrogen bond to the neutral amino group of another 

molecule.  When both amines are tertiary, NH-N strong hydrogen bonds tends to 

predominate over the salt bridge to the anion.  In linear tertiary diamines, the observed 

motif depends on chain length.  The 1:1 salt between N,N,N’,N’-tetramethyl- putrescine 
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and triflic acid (I) forms a cyclic structure, while the corresponding salt of N,N,N’,N’-

tetramethylcadaverine (II) forms a dimeric cluster in a tête-bêche orientation.  According 

to x-ray structures of (I) and (II), the triflate anion is ~ 4 Ǻ away from the proton 

between the nitrogen atoms. The distance between the nitrogens involved in hydrogen 

bonding are 2.66 Ǻ (I) and 2.75 Ǻ (II). In both cases the NHN bond angle is almost 

linear.  A more accurate NH distance in (I) was found by measuring the natural 

abundance 15N-proton dipolar coupling constants using solid state NMR (SSNMR). To 

eliminate NH coupling with aliphatic protons of (I) all the hydrogen atoms except the one 

between the nitrogens were labeled with deuterium. The SSNMR result of I-d20 indicates 

that the NH distance is 1.324 Ǻ; therefore, the proton has its equilibrium position in the 

middle.  The zero point energy wavefunctions of the one and two-dimensional potential 

energy surface for the transfer of the proton between two nitrogen atoms in the cation of 

(I) predicts the NH distance to be 1.320 and 1.328 Ǻ respectively.  The vibrations 

associated with NHN hydrogen bond (asymmetric and symmetric stretch and the bending 

modes) have been observed by IR, Raman and Inelastic Neutron Scattering (INS), but 

their assignment is tentative.   
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CHAPTER I 

 

 

 

INTRODUCTION TO PROTON-BRIDGED 

DIAMINES AND ANHARMONICITY 

 

“Yearn for knowledge from your crib to your grave” 

 

Hakim Abol Qasem Ferdowsi Tousi
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Simple harmonic motion has proven an extraordinary useful concept in physics and 

chemistry for nearly four centuries, since Galileo’s report in Dialogues Concerning Two 

New Sciences (1638) that the frequency of a pendulum does not depend on the amplitude 

of its swing.  As noted in some undergraduate textbooks1, that conclusion is not strictly 

true. Only for angular displacements in the limit (typically <30o), where θ (in radians) can 

be set equal to sin θ, are frequency and amplitude independent of each other.  The 

objective of this thesis is to investigate the system represented in Scheme 1.1 which can 

be approximated as a linear tri-atomic model, where the motion of the proton is not a 

simple harmonic motion.  The N,N,N’,N’-tetramethylputrescinium ion proves to be a 

suitable model to study the anharmonic behavior of the NH+N  hydrogen bond in a proton 

bridged diamine.  In this case anharmonicity leads to the surprising result that the most 

probable position of an atom corresponds to a local potential energy maximum. 

  

 

 

 

 

 

 

 

Scheme 1.1: An illustration of an NHN triatomic model. 

N1                    H+               N2 
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 The term “Low Barrier Hydrogen Bond” (LBHB) is sometimes applied to 

describe short, strong hydrogen bonds, in which a proton is held between two basic sites 

having the same proton affinity.2   The occurrence of LBHBs in enzyme-catalyzed 

reactions and proton transfer mechanisms has been debated for many years.  In most 

cases, the hydrogen bond under consideration occurs between an OH and an oxyanion.3-9 

 In many fewer cases, the LBHB is hypothesized to correspond to an NH+N 

strong hydrogen bond.11  Reasons for postulating positively charged LBHBs between 

amino groups having the same pKa values are at least as compelling for the negatively 

charged examples that have more widely discussed.  

  In 2007, the Richard group10 examined the acidity of the glycine α –carbon after 

formation of an imine bond with the cofactor, PLP (Scheme 1.2).  Even after binding to 

the cofactor the hydrogen that needs to be removed from the substrate does not have high 

acidity.  Under physiological conditions the pKa of the unactivated α–carbon is 34. After 

covalently bonding to PLP the pKa value is decreased to 17.  Hence, a base with a pKa of 

17 or higher is needed to remove the proton.  The conjugate acid ions of two most basic 

amino acid side chains (i.e. arginine and lysine) have pKa values of 12.48 and 10.53, 

respectively. This raises the question as to how deprotonation of a PLP-activated amino 

acid might occur?  Could it be that two basic sidechain groups in close proximity to one 

another work together to deprotonate the α–carbon?   For example, could two lysine 

residues form a strong hydrogen bond (NH+N hydrogen bond) to stabilize the conjugate 

acid ion?  
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Scheme 1.2: The first step in the mechanism for covalent catalysis by PLP, the formation 
of an imine between the amino acid and PLP followed by deprotonation of the α-carbon.  
 

 This hypothesis would involve the formation of a short, strong hydrogen bond 

between the two primary amino groups, in order to shift the pKa by at least 6.5 units 

(37.5 kJ/mol at 300K).  In the gas phase, the clustering of a neutral amine with a 

protonated amine has an exothermicity on the order of 90 kJ/mol.12 Depending on the 

nature of solvent interactions, it is conceivable that hydrogen bonding between amino 

groups could accomplish the needed increase in basicity. 

Creating small molecule mimics of enzymes is a well-characterized approach to 

probing mechanistic enzymology.  In this thesis monoprotonation of diamines has been 

examined, and results from gas and crystalline phases are compared.  Monoprotonated 

diamines can crystallize in three general motifs:  salt-bridged, cyclic, or clustered.  

Primary diamines tend to form salt-bridged structures, in which one NH hydrogen bonds 

to the anion while another NH forms a strong hydrogen bond to the neutral amino group 

of another molecule.  This is exemplified by the crystal structure of the monotriflate salt 

of cis-1,5-diaminocyclooctane (Scheme 1.3a).    

When both amino groups are tertiary, the salt bridge to the anion can become less 

favourable than NH-N strong hydrogen bonds.  In linear tertiary diamines, the observed 
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motif depends on chain length.  The 1:1 salt between N, N, N’, N’-tetramethylputrescine 

and triflic acid forms a cyclic structure (Scheme 1.3b), while the corresponding salt of N, 

N, N’, N’-tetramethylcadaverine forms a dimeric cluster in a tete-beche orientation 

(Scheme 1.3c). 

 

Scheme 1.3: Schematic presentation of monoprotonated salt of (a) cis-1,5-
diaminocyclooctane, (b) N,N,N’,N’-tetramethylputrescine and (c) N,N,N’,N’- 
tetramethylcadaverine. 
 

In this thesis, the crystalline triflate salts of monoprotonated N,N,N’,N’-

tetramethylputrescine, N,N,N’,N’-tetramethylcadaverine, and cis-1,5-diaminocyclooctane 

have been studied using X-ray diffraction (Chapter III), computationally (Chapter IV), 

and by means of IR, Raman, and inelastic neutron scattering (INS) in (Chapter V).  The 

position of the proton between the nitrogens of N,N,N’,N’-tetramethylputrescinium 

monotriflate has been determined by 15N natural abundance NH dipolar coupling in a 

solid state NMR experiment (Chapter VI).  Those experimental results are compared with  

potential energy surfaces (PESs) for which zero point energy wavefunctions of 

N,N,N’,N’-tetramethylputrescinium (Figure 1.1) have been calculated as described in 

Chapter IV.  
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Figure 1.1:  Potential energy curve fitted to DFT-calculated (at B3LYP/6-31G**) points 
for the asymmetric stretch of a proton between the two nitrogens of the N,N,N’,N’-
tetramethylputrescinium ion.  The energy levels for the first and second vibrational states 
are shown by dashed lines. For the zero point energy level the wavefunction is shown. 
The x-axis corresponds to the normal coordinate (N1H-N2H)/√2). 
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Hydrogen bonding is a key feature to understanding the structure and properties 

of water, proteins, and nucleic acid pairing.  A neutral hydrogen bond is a weak 

association (1-5 kcal/mol) between molecules in which a link between a donor A-H and 

an acceptor B involves the hydrogen atom (A-H…B).  When the donor and acceptor 

atoms come close to one another (<2.8Å), a stronger hydrogen bond can be formed 

between them.   

Larger bond energies (much greater than 10 kcal/mol) are one of the 

characteristics of strong hydrogen bonds between two oppositely charged ions (salt 

bridges) or between ions and neutrals (strong hydrogen bonds).  There are several 

possible potential energy surfaces (PES) for the motion of the proton within a strong 

hydrogen bond.  In the case of FHF- , a symmetrical strong hydrogen bond, the PES has a 

single-well, harmonic potential.  The OH+O hydrogen bond formed between water 

molecules or ether dimers has a single well anharmonic PES, while NH+N hydrogen 

bonds have a double well anharmonic PES with a low barrier for proton transfer (Scheme 

2.1).  Strong hydrogen bonds with low barriers for proton transfer play a potentially 

important role in ion solvation, proton conductivity, and proton transfer across 

biomembranes.1
 
 They are intriguing from a spectroscopic perspective, because the 

potential energy surface (PES) governing the displacement of the shared proton is 

markedly anharmonic, leading to a strong red-shift of the infrared (IR), Raman and 

Inelastic Neutron Scattering absorptions, which is difficult to describe using one-

dimensional quantum mechanical approaches.  
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Scheme 2.1: Potential energy surfaces and reprted asymmetric stretch vibrational 
frequencies for (A) proton bound dimer of water, (B) proton bound dimethyl ether, (C) 
the proton bound dimer of ammonia (D) protonated dibromo DMAN, and (E) bifluoride 
ion. 
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  The strength of hydrogen bonds can be described by the potential energy 

surface for the transfer of proton between two basic atoms.  Scheme 2.2 schematically 

depicts three general cases, using the Morse curves in the left hand pairs of curves A, C, 

and E, which represent the stretching motion for each protonated base in the absence of 

the other base.  The difference in proton affinity in each of these examples (ΔPA) 

corresponds to the energy difference between the zero point energies. 

The consequence of allowing the Morse curves to overlap is shown schematically 

in the right hand double minima potentials B, D, and F.  Each of these is supposed to 

stand for the minimum energy pathway for proton transfer when the corresponding pair 

of curves to the left are superimposed on one another.  All other things being equal, as the 

value of ΔPA gets smaller the barrier height in going from left to right diminishes until 

ΔPA=0.    With a sufficiently small value of ΔPA the proton can easily cross between the 

two basic sites, and it should be possible to observe a tautomeric equilibrium between 

both proton locations.  But if ΔPA=0 and the barrier is low enough, the proton may 

delocalize to such an extent that the zero point energy for its transit will become 

comparable to the barrier height.  In this case the tautomers are not only indistinguishable 

but also tunnel so rapidly that the proton can be viewed as delocalized. 
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Scheme 2.2: An illustration of the relation between proton affinity and barrier height.  
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As shown in the recent work of I. Majerz and I. Olovsson35, 36 the strength of 

hydrogen bonds in NH+N complexes can be more influenced by the linearity of the 

hydrogen bond  than by the NN distance.    The shortest hydrogen bond is observed for 

protonated 1,6-diazabicyclo[4.4.4] tetradecane (GERZUY), which has a NN distance of 

2.56 Å (seen by X-ray) and a calculated NN distance (B3LYP/6-31G**) of 2.67 Å.  To 

quote Majerz and Oluvsson, “Considering the very short NN distance one would expect a 

broad minimum with no barrier, but independent of the calculational method the potential 

energy curves have two minima/shoulders.  This is due to the bent bond (NHN =160o), 

and it illustrates that a short NN distance does not automatically mean a strong bond.  

Unexpectedly, the depth of the two minima is different.  Due to the bent bond the minima 

in the curves calculated along NN and NH have different depths and are located at 

different d values [(N1H-N2H)]”.   

The strongest hydrogen bond in this group shown in Figure 2.1 is found in the 

monoprotonated bis(dimethylamino)dibenzothiophene SAKKEU, which has an almost 

linear hydrogen bond (175o )with a calculated (B3LYP/6-31G**) NN distance of 2.58 Å.  

For this compound all the calculated potential energy curves show just one broad 

minimum and almost no barrier, typical of a very strong H bond.  
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Figure 2.1: Refcodes, NN distance (Å) and NHN angle (degrees) of NHN+ complexes 
with intramolecular H bonds.  NN distances and NHN angles are taken from optimized 
structures at the B3LYP/6-31G** level. 
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 All the NH+N complexes shown in Figure 2.1, with the exception of 

monoprotonated 2,2’-bis(dimethylaminobiphenyl) (KAHRUI), have their nitrogen atoms 

fixed in close proximity.  The amine groups in KAHRUI  move from 4.73Å to 2.65 Å 

towards each other to form a stable conjugate acid ion (Scheme 2.3).33  The potential 

energy curves for this compound look very similar to SAKKEU except the height of the 

barrier.  

 

Scheme 2.3: Reaction scheme for protonation of 2,2’-bis(dimethylamino)biphenyl (top) 
and N,N,N’,N’-tetramethylputrescine (bottom). 

 

N,N,N’,N’-tetramethylputrescinium monotriflate, shown in Figure 2.2, is one of 

the proton bridged diamines studied in this thesis.  N,N,N’,N’-tetramethylputrescine is  

another tertiary diamine in which nitrogen atoms move from 7 Å apart to 2.7 Å to form a 

strong intramolecular hydrogen bond upon protonation (Scheme 2.3). According to 

density functional theory (DFT) at B3LYP/6-31G** level, the proton bridge in the 
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gaseous conjugate acid ion of N,N,N’,N’-tetramethylputrescine  is predicted to have  an 

NN distance of 2.71 Å and an NHN bond angle 172.8o .  The calculated potential energy 

surface for transit of proton from one nitrogen to the other (described in greater detail in 

Chapter IV) corresponds to an anharmonic double well minimum potential, and the zero 

point level is calculated to lie close to the top of this barrier.  If the strength of the NH+N 

strong hydrogen bond is greater than the strength of a salt bridge to a counterion, then the 

proton bridge should be seen in the condensed phase.  As will be presented in this thesis, 

under appropriate conditions a proton bridge can be observed in the solid phase. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: X-ray structure of N,N,N’,N’-tetramethylputrescinium monotriflate. 
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Figure 2.3: DFT optimized geometry of N,N,N’,N’-tetramethylputrescinium at the 
B3LYP/6-31G** level. 

 

Published gas phase proton affinities of N,N-dimethylated tertiary amines suggest 

that, when compared with the proton affinity of monoamines,  the presence of the second 

dimethylamino group increases the proton affinity of the molecule. N,N,N’,N’-

tetramethylputrescine has a proton affinity of 1046 kJ/mol, which is much greater than 

the proton affinity of its monoamine analogue, nBuNMe2 (PA= 969 kJ/mol).37 This 

implies that, upon protonation, diamines form an intramolecular proton bridge in the gas 

phase. N,N,N’,N’-tetramethylputrescine Me2N(CH2)4NMe2 also has a greater 

experimental proton affinity than shorter or longer homologues.37 

 In contrast to the gas phase results, the behaviour of tertiary diamines in water 

does not show a clearcut trend as the separation between the amino groups is varied. 

Increasing chainlength in Me2N(CH2)mNMe2 from m=2 to m=4, increases the pKa value 

of the diprotonated diamine. This runs contrary to what would be predicted if pKa of the 

dication simply reflected the relative stabilities of the monocation, but it does conform to 
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expectation based on charge repulsion between two charged amino groups.   While the 

diamines all undergo fast proton exchange with HCN in aqueous solution, the exchange 

kinetics indicate that water helps transfer a proton from one nitrogen to the other in 

protonated N,N,N’,N’-tetramethylputrescine,38 arguing against the existence of an NH+N 

intramolecular hydrogen bond in aqueous solution.   

 Recently, monoprotonated N,N,N’,N’-tetramethylputrescine (MPTMP) has been 

used in studying inversion/rotation rates of protonated amines in solution.39  Since amine 

nitrogen inversion is difficult to observe in aqueous solution, encapsulation of protonated 

diamines in a water-soluble, chiral, supramolecular assembly was used to measure the 

hydrogen bond breaking followed by nitrogen inversion/rotation (NIR) using solution 1H 

NMR.    

 Monoamines conjugate acid ion cannot release the proton when encapsulated in a 

chiral supramolecular assembly. The only way the deprotonation/NIR process can occur 

with monamines is for the encapsulated protonated amine to be ejected from chiral 

supramolecular assembly; it can then undergo deprotonation followed by NIR and then 

re-encapsulation.39 

  At room temperature in D2O, the 1H NMR of host-guest complexes of diamines 

such as N,N,N’,N’-tetramethyl-1,2-diaminoethane and  N,N,N’,N’-tetramethyl-1,3-

diaminopropane showed only one signal corresponding to the geminal N-methyl groups 

on the nitrogen atoms, suggesting fast NIR on the NMR time scale. However, in the case 

of N,N,N’,N’-tetramethylputrescine, two distinct geminal methyl signals were observed, 
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suggesting that the hydrogen-bond breaking/NIR process was slow on the NMR time 

scale.  For diamines, one nitrogen can bind the proton while the other nitrogen inverts.  

 The barrier height for hydrogen-bond breaking in monoprotonated N,N,N’,N’-

tetramethylputrescine (MPTMP) was measured to be 65.6 kJ/mol.  This can be taken as 

an estimate of the strength of the proton bridge in N,N,N’,N’-tetramethylputrescine 

(TMP). 

  The relevance of anharmonicity to proton affinity is not negligible.  In a quantum 

calculation of the absolute proton affinity at 0K, the electronic energy difference has to 

be corrected for zero point energy differences and for basis set superposition error 

(BSSE).  Likewise, a prediction of the energy for a strong hydrogen bond needs the same 

corrections.  As an example, forming the proton-bound dimer of trimethylamine is shown 

in Equation 2.1: 

  Me3NH+  +    Me3N      →    Me3NH+...NMe3          (2.1) 

has a B3LYP/6-31G** energy difference of -95.2 kJ/mol.  The zero point energy 

difference estimated using harmonic normal modes is +0.96 kJ/mol.  The BSSE 

estimated by counterpoise is +7.9 kJ/mol.  Taken together, the predicted value of ΔH for 

the above reaction at 0K is 86.3 kJ/mol, not too far from the experimental gas phase value 

of 94 kJ/mol.4  This value is much greater than the measurement of the strength of the 

proton bridge in MPTMP when encapsulated in aqueous media. 

 For gas phase clustering reactions such as the one above, experimental efforts 

endeavor to determine the enthalpy change at temperatures above 0K.  For this, the 

difference in energy content (or the canonical energy difference) between reactants and 
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products has to be considered.  If the prediction is to be compared with a gas phase 

equilibrium constant (which reflects the free energy change), then the TΔS term also has 

to be evaluated.  This latter contribution is quite large in the gas phase, on account of 

changes in translational entropy -- on the order of 35-40 kJ/mol in favor of the left hand 

side of the equation at room temperature (depending on pressure). 

 With regard to proton affinities, most experiments measure the difference 

between two bases.  Here the translational entropy effect is virtually zero.  Many 

experiments (such as ICR equilibrium or bracketing studies) determine differences in gas 

phase basicity (ΔG).  What corrections need to be made to convert those to differences in 

proton affinity (ΔH)? 

    Many investigators consider only changes in rotational entropy contributions 

due to changes in symmetry.  But changes in vibrational entropy and heat capacity can be 

non-negligible.  Consider the proton transfer equilibrium Equation 2.2: 

Me3NH+  +  Me2NCH2CH2CH2CH2NMe2 →  Me3N  +  Me2NCH2CH2CH2NHMe2
+  (2.2) 

The DFT-calculated change in vibrational energy content has a value of -1.55 

kJ/mol.  The change in harmonic vibrational entropy is -22.9 J/mol-K, which at 300K 

favors the left hand side of the equation by a TΔS value of 6.86 kJ/mol.  The 

comparatively large entropy change is a consequence of formation of an internal strong 

hydrogen bond (or proton bridge), an intermolecular analogue of the clustering reaction 

Equation 2.1 above. 
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    Vibrational entropy effects can be significant even in proton transfer equlibria 

between two diamines.  For instance, putrescine has a greater proton affinity than does 

cis-1,5-diaminocyclooctane, but the latter has a greater gas phase basicity because the 

entropy of its protonation is less unfavorable. 

    Harmonic estimates of zero point energy differences, vibrational entropies, and 

heat contents can be seriously in error.  For instance, the asymmetric NHN stretch in the 

proton-bridged Me2NCH2CH2CH2NHMe2
+ ion has a harmonic frequency around 2500 

cm-1.  Although it is nearly 1000 cm-1 looser than calculated for the NH stretch in 

Me3NH+, that asymmetric stretch makes infinitesimal contributions to vibrational entropy 

and vibrational energy content at 300K (although it still makes a substantial contribution 

to zero point energy).  But if anharmonicity were to make that frequency an order of 

magnitude smaller, its contribution to zero point energy would not only diminish 

drastically, but at the same time the contributions to vibrational entropy and energy 

content would also become substantial.  While this may not have particular relevance to 

the case of Me2NCH2CH2CH2NHMe2
+, calculations suggest substantial anharmonicity 

effects for longer chainlengths, such as in MPTMP. 

I.   Proton Bridged Hydrogen Bonds 
 
A. FHF- Hydrogen Bond 

FHF- contains the strongest known hydrogen bond (165 kJ/mol in gas phase), in 

which the equilibrium position of the proton is midway between the two fluorines, which 

are 2.28Å apart.  Its vibrational spectroscopy has been examined in a variety of media, 

including rare gas matrices and the gas phase.  In 1985 it was reported that, in the 
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gaseous ion, the frequency of the asymmetric stretch for a bridging H is ν3=1848cm-1 

versus  ν3= 1397cm-1 for a bridging D2, as compared with the hydrogen stretch in gaseous 

HF (4139 cm-1).  Thus, the isotopic ratio of ν3 seemed to predict an anharmonic 

asymmetric stretch. In 1987, the 1848 cm-1 band was reassigned to a ν3+ ν1 combination 

and the asymmetric stretch of the bridging proton was found to be ν3=1331 cm-1 versus 

ν3= 934 cm-1 for a bridging D.3  The ν3 frequencies in condensed phases do not differ 

greatly from the gas phase; they are 3–4% higher in rare gas matrices.  Both theory and 

experiment indicate that the motion of the bridging hydrogen does not display an unusual 

degree of anharmonicity.3  For a harmonic potential, the frequency ratio ought to equal 

the square root of the ratio of reduced masses, close to √2.  The value of this ratio (the 

average of the gas phase measurement and of two measurements in argon matrices) is 

1.42 + 0.01.   The doubly degenerate bending vibration shifts from 1286 cm-1 for FHF- to 

929 cm-1 for FDF-, which also corresponds to the square root of the ratio of reduced 

masses. 

B.   OH+O Hydrogen Bonds 

In 2004, Moore et al at the FELIX laboratory in the Netherlands reported the 

infrared multiphoton photodissociation (IRMPD) spectra of the proton-bound dimers of 

methyl and ethyl ether as well as of protonated diglyme at room temperature.4 As shown 

in Figure 2.4, all three compounds show a well-separated broad peak at low frequency i 

(700-850 cm–1), as well as a strong band ii (900-1000 cm–1), and a weaker band iii (1500-

1600 cm–1).   In their findings bands i and ii were assigned to extensive asymmetric OHO 

stretching character, mixed with the symmetric CO stretching and HCO bending motions 
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of the monomer units.  The highest frequency band iii corresponds to the OHO bending 

coupled with the HCH bending motions.   

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: IRMPD spectra of gas-phase species with bridging protons, along with 
calculated structures (MP2/cc-pVDZ): a) (Me2O)2H+ b) (Et2O)2H+) c) protonated 
diglyme.(reproduced from ref 4) 
 

Recently the Johnson group at Yale has measured gas phase vibrational 

frequencies of the OHO asymmetric stretches in proton-bound dimers of aliphatic 

alcohols and ethers by single IR photon dissociation of cold clusters (approximately 

173K) of the ion with one argon atom5 attached.  This technique gives much sharper 

bands than does IRMPD.  The asymmetric stretch corresponding to proton transfer 

between two oxygen atoms for the methyl ether proton-bound dimer shows a peak at v= 

860 cm–1 with a FWHM of 90 cm-1, which agrees with the assignment made by the 

FELIX group.  
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The significance of these conserved spectroscopic features can further be 

appreciated by comparison with the spectrum of H5O2
+ (known as the Zundel ion).  The 

vibrational spectra of H5O2
+  were measured by Asmis et al6and the Yale group in 2003 

and further by Johnson et al7 and Hammer et al8 in 2004-5 using IR photodetachment of 

rare gas atoms from cold clusters.  The asymmetric stretch for the bridging proton in 

H5O2
+  (which they refer to as the “proton oscillation”) is seen at 1085 cm-1 and has been 

compared with the proton oscillations in (H2O)nH+ clusters up to n= 29.9 The similarity 

between the proton oscillations in H5O2
+ and in proton-bound homodimers of ethers and 

alcohols led Moore et al4 to suggest that there may be a gas phase “spectroscopic 

signature” of a proton involved in a strong hydrogen bond between two equivalent 

oxygen atoms.   

 Ab initio geometry optimizations and frequency calculations at a high level of 

theory (MP2/cc-pVDZ) have been performed for the proton-bound homodimers of 

methyl and ethyl ether,  and their structures are quite analogous to the H5O2
+ structure, 

having symmetric OHO subunits.  Harmonic mode vibrational calculations are in close 

agreement with experimental vibrations for the ethers.  However, in the case of H5O2
+ 

there was no harmonic or anharmonic vibrational calculation method that agrees with 

experimental data until very recently.  H.-D. Meyer and co-workers in cooperation with 

L. Cederbaum and co-workers developed a more reliable method, multiconfigurational 

time-dependent Hartree (MCTDH)14, to model vibrational dynamics.10-13  It sets up the 

time-dependent Schrodinger equation for the nuclear motion in all dimensions (3N-

6=15).  The total wave function to be determined is represented by a linear combination 
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of products of suitable single particle functions.  The expansion coefficients and single 

particle functions are then simultaneously determined through variational optimization, 

which allows a very efficient representation of the total wave function.  After having 

performed a sufficient propagation in time, the stationary vibrational eigenstates and their 

energies are then projected.  It is important to note that the full dimensionality of the 

problem is covered without restrictions, that no restrictions with respect to mode coupling 

apply, and that coverage of anharmonicities of any desired size can be done, as no 

harmonic approximation is used at any point.15   Figure 2.5 shows the excellent 

agreement between calculation and experimental results.  The potential energy surface 

and dipole moment surface (DMS) employed here was done by Bowman and 

coworkers.13  DMS calculations shows IR intensities in x,y and z direction (stretch modes 

and bending modes respectively) for the Zundel ion.  There is much greater dipole 

variation occurring with x displacement instead of with y or z displacements. Thus strong 

IR absorption intensities probably will be associated with proton transfer modes, while 

the two bending modes are expected to have not so significant IR absorptions. 
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Figure 2.5: a) Experimental IR spectrum of H5O2
+ ·Ne34; b) simulation reproduced .12 

(reproduced from ref 12 and 34) 
 
Stoyanov et al have measured the solid phase IR of proton bound water dimer with 

carborane anions.16  The vibrations associated with the central O-H+-O group develop 

three intense bands:  a (860-995 cm–1),  b (1045-1101 cm–1), and  c (1672-1700 cm–1), as 

well as two weak bands  d (1300 cm–1) and e (1400-1500 cm–1).  In their assignments, 

bands a and b belong to the vas OHO vibration.  Band c was assigned to an overtone of 

vas+vs in the condensed phase spectrum.  The weak band that appears in the same 

frequency region in the gas-phase spectrum of the bare ion is due to the bending of the 

peripheral H2O molecules. The two weak bands d and e belong to in-plane and out-of-

plane (OHO) bending.  The frequencies of bands a and b, and to a lesser extent d and e, 

are relatively stable, irrespective of whether the H5O2
+ cation is bare in a vacuum or 

symmetrically solvated in condensed phases.  Also, the asymmetric OHO stretch is 

always lower than the bending modes.        
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Lately interest has arisen regarding “encircled protons”, where a proton is held 

between two chemically and electronically equivalent amide carbonyl oxygen atoms in a 

tetraamido/diamino quaternized macrocycle (L2+).17  The short intramolecular O…O 

separation between amide oxygens is 2.45Å which provides an environment for a 

chelated proton.  The NMR spectrum shows the presence of a very broad signal at 12 

ppm in the 1H NMR, which is assigned to the encircled proton.  There are three 

negatively charged counterions (bisulfites) and three water solvent molecules, which all 

lie outside of the macrocycle. Two of the counterions are linked to the macrocycle via 

hydrogen bonds to the two amide nitrogen atoms that are not associated with the internal 

proton (Figure 2.6).  It is apparent from the X-ray structure that the chelated proton is not 

part of a salt bridge to the anions.  Since X-ray crystallography does not provide a clear 

picture of the locations of hydrogens, the position of the bridging proton is inferred only 

from the close approach of the amide oxygens.     

                     

 

 

 

 
 
 
 
 
 
 
Figure 2.6: Overhead perspective view of trication L2+ (H+) with the two adjacent 
hydrogen-bonded counterions (bisulfates), [L2+ (H+)][HSO4-]2

+.17 
 



   

29 
 

C.  NH+N Hydrogen  Bonds        

1. Proton-Bridged Primary Diamines 

The proton-bound dimer of ammonia with iodide counterion (N2H7I) has been 

extensively studied by Vonholdt et al using single crystal X-ray and neutron diffraction 

in 1990.18  The NN distance is 2.69 Å, and there are four polymorphic forms of N2H7I, 

which differ in the ordering of the N2H7
+ ions.  The phase transitions between these 

polymorphs take place very quickly with temperature change.  The N2H7
+ ion has C3v 

symmetry in three of these polymorphs and is thought to adopt a Cs structure in a low 

temperature (110K) polymorph.  The iodide anion forms a salt bridge (<2.5 Å) with 

ammonia.  Raman spectroscopy revealed the NHN symmetric stretch for the lowest 

temperature (110K) polymorph to be at 200 cm-1, but the NHN asymmetric stretch was 

not identified.  The one dimensional potential energy surface for the transfer of proton in 

the equilibrium geometry of N2H7
+ (C3v geometry) was calculated to be a double well 

potential with the barrier height of 3.8 kcal/mol. For the transition state NN distance, the 

potential energy was calculated to have a barrier height of 2.1  kcal/mol.15 

Meuwly and Karplus in 2002 published a molecular dynamics simulation of 

H3N…HNH3
+, which predicts extremely rapid dephasing of the vibrations of the bridging 

proton.  The short dephasing time that they predict, < 20 femtoseconds, means that the 

band corresponding to the asymmetric stretch can be >1000 cm-1 wide, even for the ion in 

the gas phase.  According to DFT calculations with 6-31G** basis set the harmonic 

frequency of NHN asymmetric stretch was predicted to be at 1074cm-1.19  Contrary to 

Karplus et al predictions, the Johnson group has reported the gas phase vibrational 
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spectrum of the proton-bound dimer of ammonia.20  Infrared Vibrational Predissociation 

(IRVPD) and IRMPD were used to find vibrations of the proton bound dimer of ammonia 

in the 610-2000 cm–1 and 500-2000 cm–1 domains, respectively.  Both sets of 

experimental spectra agree with each other within 5-9 cm–1.  To assign the vibrational 

spectra, a four dimensional potential energy surface (NHN symmetric, asymmetric and 

the two bending modes) was solved for a D3d equilibrium geometry (proton shared 

equally between ammonia molecules) of the ammonia proton bound dimer.  As shown in 

Figure 2.7, the 4D potential energy surface for motion of the proton is a double well 

potential and the ground-state density reaches a maximum with the proton at the center, 

consistent with its zero-point energy lying above the barrier.  The 4D PES predicts the 

motion of proton transfer to be at 464 cm-1, which cannot be located by IRMPD or 

IRVPD alone.  The harmonic bending modes are predicted to be at 1598 cm-1, which are 

seen experimentally at 1550 cm-1 and 1545 cm-1 by IRVPD and IRMPD respectively. 
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Figure 2.7: 2D stretches part of the 4D anharmonic potential energy surface of the 
motion of proton in the proton bound dimer of ammonia.20 

 

Asmis et al designed an experiment in 2007 to measure the vibrational spectra of 

proton bound dimer using IRMPD spectroscopy using radiation from the Free Electron 

Laser for Infrared eXperiments, FELIX (submitted for publication).  IRMPD spectra of 

N2H7
+ in the 335-1680 cm-1 domain are shown in Figure 2.8.  The vibrations seen in the 

region between 600 and 1700 cm-1 are in a good agreement with previous findings of 

Johnson et al.  
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Figure 2.8: IRMPD spectra of N2H7

+ 
recorded by monitoring the NH4

+ 
fragment ion 

intensity and using FELIX settings optimized for each specific wavelength region (D.  J. 
Goebbert, G. Santambrogio, Y. Yang, O. Kühn, G. Meijer, and K. R. Asmis, submitted 
for publication). 

 

A new absorption feature is observed below 500 cm-1, a 60 cm-1 broad peak at 374 

cm-1 and a less intense peak at 409 cm-1.  The more intense peak at 374 cm-1 was assigned 

to the NHN asymmetric stretch and the less intense peak at 409 cm-1 was interpreted to 

have arisen due to coupling of the νas mode to a low frequency mode (~35 cm
-1

) or result 

from the non-linear character of the multiple photon absorption process, which tends be 

more pronounced at longer wavelengths.   The 6D PES, which includes NHN symmetric 

and asymmetric stretches, the two bending modes, and the symmetric and asymmetric 

NH3 umbrella motions at MP2/aug-cc-pVTZ level has been reported for the ammonia 
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proton bound dimer.  This PES predicts a frequency of 409 cm-1 for the asymmetric 

motion of proton.   

2. Proton-Bridged Tertiary Diamines 

The X-ray structures of the crystalline proton-bridged dimers of trimethylamine 

and quinuclidine (Figure 2.9) indicate that the nitrogens are 2.6 Ǻ apart.  The N-H+. . .N 

strong hydrogen bond is nearly linear (175° for Me3NH+. . .
 NMe3, 179° for 

quinuclidinium. . . quinuclidine).21 

 

 
 
 

 
Figure 2.9: X-ray structure of quinuclidinium dimer (right) and trimethylammonium 
dimer (left) with tetraphenylborate anion.21 
 
 Intramolecular strong hydrogen bonds between tertiary amino groups have been 

constructed using a variety of platforms.  Roger Alder and coworkers synthesized the 

“inside-inside” diamine shown in Figure 2.10, which offers the most nearly perfect 

environment for a chelated proton.22,23  The strength of the strong hydrogen bond has 

H+ 

H+ 
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been difficult to assess:  once inside the cage, the bridging proton does not exchange with 

deuterated solvent, and the pKa in water is estimated to be 25.  The infrared spectrum has 

been published, and the N-H+. . .N asymmetric stretch appears to give rise to a broad 

absorption band centered around 2000 cm-1.  The crystallographic data suggest that the 

position of the proton lies midway between the two nitrogens.  Ab initio calculations 

indicate that the proton resides in a double-minimum potential.24, 35  

 

Figure 2.10: X-ray structure of azatriquinenaminium trimer chloride25 (left) and 1,6-
diazabicyclo[4.4.4]tetradecanium chloride23 (right). 
 
 Mascal and coworkers have incorporated nitrogen directly into the center position 

of triquinanes and have linked them together.  This base forms a proton chelate, for 

which they have reported an X-ray structure (Figure 2.10).25 The NHN bond angle is 

estimated to be1770 and the NN distance is 2.75Å. 

 A great deal of literature exists relating to the structure and physical properties of 

the classical proton sponge 1,8-bis-dimethylaminonaphthalene (DMAN), its derivatives, 

and protonated forms with different counteranions. Several review articles have 

H+ 

Cl- 

Cl- 
H+ 
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appeared,26-31 devoted to numerous aspects of the NH+N hydrogen bond, which is formed 

after proton trapping. Careful NMR and theoretical studies of protonated DMANs 

demonstrate that the bridging H+ favors one nitrogen or the other in its equilibrium 

position and rapidly undergoes transit between the two nitrogens.32  The 1H NMR of 

monoprotonated 1,8-bis(dimethylamine)naphthalene-2,7-diolate (Scheme 2.4) in DMSO 

shows a downfield resonance of 19.30 ppm for the proton bridged diamine.30 

 

 

 

 
 
 
 
 
Scheme 2.4: 1,8-bis(dimethylaminium)naphthalene-2,7-diolate.15  

 

The asymmetric stretch of the conjugate acid ion of a dibromo analogue of 

DMAN31 (Scheme 2.1.d) has been reported as v= 560 cm–1 for the bridging H+.  

Deuteration leads to a shift of this band to 340 cm-1, so that the isotopic ratio (ISR) vH/vD 

of 1.65 is characteristic of an anharmonic potential for the proton motion.  The PES of the 

asymmetric stretch is a double well potential, while the distance between the minima is 

on the order of 0.5 Å with a barrier height of 0.70 kcal/mol.  According to the X-ray 

structure of monoprotonated dibromo DMAN (Figure 2.11), the NN distance is 2.547 Å 

and the NHN bond angle in this conjugate acid ion has a value of 162o, which means that 

the motion of the proton between the nitrogens must be coupled with an NH bending 
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mode.  Coupling with bending modes can, to a first approximation, be taken as 

proportional to the sine of the NHN angle.  For example, this coupling should decrease to 

less than half the value seen in dibromo DMAN when the NHN bond angle becomes 

greater than 171o.  Therefore, we have looked for examples in our studies where the NHN 

bond angle should be closer to 180o.  At the limit where that bond is linear the vibrational 

Schrödinger equation becomes much easier to solve, because it is straightforward to find 

a coordinate system that suits both the kinetic energy and the potential energy operator. 

 

 

 

 

 

 

 

Figure 2.11: X-ray structure of monobromide salt of 1,7-dibromo DMAN. 32 
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General  
 Dry pyridine was obtained by distilling reagent grade pyridine over CaH2.  Extra 

dry THF (<50ppm water) was purchased in Acroseal glass bottles from Acros.  DMSO, 

methanol, methylene chloride and pentane from freshly opened bottles were used in 

every reaction.  Triflic acid was purchased from Acros in a sealed tube and was kept in 

the refrigerator after opening.  Succinic acid-d4 and dimethylamine-d6 were purchased 

from Cambrige Isotope Laboratories.        

300 MHz 1H NMR spectra were recorded using an Inova 300 (2 channel triple axis 

gradient spectrometer).  500 MHz 1H NMR spectra were recorded using Inova 500 (2 

channel triple axis gradient spectrometer).  600 MHz 1H NMR spectra were recorded 

using the Bruker 600.   The gated-decoupled 13C spectrum were recorded with 1H 

decoupling during the relaxation delay, whereas the decoupling is switched off during 13C 

acquisition  

Mid-IR spectra of solid and liquids were recorded on Bruker EQUINOX 55 instrument. 

Solid samples for mid-IR were prepared using IR grade KBr, which had been stored in a 

130°C oven the night before use.  An approximately 80/20 mixture of KBr and sample 

were ground together into a fine powder and then formed into a transparent pellet by 

applying pressure in a pellet sample holder.  For neat liquid IR samples NaCl salt plates 

were used.  

 Attenuated total reflection infrared (ATR-IR) spectroscopy was used for analysis 

of some of the compounds, as indicated.  No sample preparation is required for ATR 

analysis. The infrared radiation is passed through an infrared transmitting crystal with a 
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high refractive index, allowing the radiation to reflect within the ATR element several 

times.   

Raman spectra were recorded on a Dilor X-Y Raman Laser instrument with 50mW 

power and an excitation wavelength of 532 nm.  A sealed melting point tube was used as 

a sample holder for Raman measurements. 

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

X-ray diffraction studies, the Bruker SHELXTL software package (Version 6.14) was 

used for phase determination and structure refinement.  The frames were integrated using 

the Bruker SAINT software package (version V7.06A) using a narrow-frame integration 

algorithm. 

I.  Synthesis: 

            The following procedures A through C were done to synthesize cis-1,5-

diaminocyclooctane.  This compound was chosen because (at the time of this writing) it 

was the most stable primary amine. 

 

 

 

 

 

 A.  Cis-1,5-ditosyloxycyclooctane (compound 3.1)  

Following the Corey and Block procedure,5 10 g (0.069 mol) of cis-1,5-cyclooctanediol 

was dissolved in 100 ml freshly distilled  pyridine in a 250 ml round bottom flask. The 

OH

HO

O S Cl

O

O

+

OTs

TsO
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solution was cooled in an ice bath and 31.6 g (0.164 mol) of p-tosyl chloride was added 

to the stirring solution. Stirring was continued for 2 hours in an ice bath, and then the 

reaction mixture was placed in a refrigerator overnight. For workup 15 ml of H2O was 

then added to the solution and the suspension stirred over ice for 30 minutes.   While 

stirring in the ice bath, 85 ml of 12M HCl was added to the reaction mixture  and the 

mixture then extracted three times with chloroform and once with ether. The combined 

organic layers were washed three times with 10% HCl solution, once with saturated 

CuSO4 solution, and once with saturated sodium bicarbonate solution. The organic layer 

was dried over MgSO4 and solvent was removed under reduced pressure. 

Recrystallization from methanol gave white needles (27 g, 86% yield) mp=1900C 

mp(lit)= 1900C.5 

 
1H NMR(300 MHz, CDCl3): δ 7.82 (d, 2H, aromatic H, J= 8.6 Hz), δ 7.42 (d, 2H, 

aromatic H, J=8.6 Hz), δ 4.11 (m, 2H, TsOCH), δ 2.45 (s, 6H, CH3), δ 1.20-2.00( m,12H, 

CCH2C). 

 

 

 

 

 

 B. Cis-1,5-bisazidocyclooctane (compound 3.2)  

 In a 1000 ml round bottom flask 10 g (0.115 mol) of NaN3 was dissolved in 400 ml of 

fresh DMSO and 10 g (0.0221 mol) of cis-1,5-ditosyloxycyclooctane was added to the 

OTs

TsO

NaN3, DMSO

N3

N3
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stirring solution. Stirring at room temperature was continued for 2 days, 900 ml of H2O 

was then added to the reaction mixture and stirred for 10 minutes.  The reaction mixture 

was extracted three times with ether (3 x 450 ml) and the combined organic layers 

extracted with H2O (3 x 500 ml) and with brine (3 x 500 ml).  The combined organic 

layers were dried over MgSO4 and solvent was removed under reduced pressure to give 

4.0g of a yellow oil (70% yield). 

1H NMR(300 MHz, CDCl3): δ 3.53 (m, 2H, CHN3), δ 1.2-2.0 ppm ( m,12H, CCH2C) 

13C NMR(300 MHz CDCl3): δ 62.3 (2C), δ 41.5 (4C), δ 20.2 (2C) 

 

 

 

 

 

 C. Cis-1,5-diaminocyclooctane (compound 3.3)   

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

and addition funnel was charged with 2.3 g (0.063 mol) of LiAlH4 and 60 ml of 

anhydrous THF (Acros) and stirred under nitrogen.  4 g (0.021 mol) of cis-1,5-

bisazidocyclooctane was dissolved in 40 ml of dry THF and added dropwise to the stirred 

suspension over 30 minutes at 00C.  The reaction mixture was refluxed for 2 days, then 

allowed to come to room temperature and cooled in an ice bath.  Excess LiAlH4 was 

quenched by adding 2.3 ml of water, 2.3 ml of 15% NaOH, and another 6 ml of water and 

the suspension then filtered. Removal of solvent from the filtrate gave 2.5 g of yellow oil, 

N3

N3

LiAlH4, THF

NH2

H2N
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which was distilled under vacuum (0.5mmHg) to yield 0.7 g of a clear oil, 34% yield. 

(bp= 62oC, 0.5mmHg). ESI (MS) shows MH+=144. 

1H NMR(300 MHz, CDCl3): δ 2.92 ( m, 2H, NH2CH), δ 1.2-2.0 ( m,12H, CCH2C) 

 

 

 

 

 

 

D.  Cis-1,5-cyclooctanediaminium monotriflate (compound 3.4) 

  A chilled solution of triflic acid 0.74g (4.93 mmol) in 2ml of dichloromethane 

was added dropwise, with stirring under Ar to 0.7 g (4.93 mmol) of cis-1,5-

diaminocyclooctane in 2 ml of dichloromethane at -30oC.  1.14 g of solid was obtained 

after filtration. The solid was recrystalized from 1.5 ml of MeOH with 1.1g (0.004 mol) 

of cis-1,5-diaminocyclooctane added to the solution prior to deposition of crystals. 

Yellow crystals were obtained.  The x-ray structure of this compound is discussed in 

detail later in this chapter. 

Proton gated13C NMR(500 MHz CD3OD, delay time=60 s): δ 23 (1.96C), δ 34  (4.00C), 

δ 53  (1.98C), δ 121 (0.80C). 
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H2N

1 eq. CF3SO3H, Pentane

NH3
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            The following procedures E and F were done to synthesize a bis-tert-amine on the 

8-member ring, but was found to air oxidize too easily to be suitable for further study. 

 

 

 

 

 

E. Cis-1,5-bisphthalimidocyclooctane (compound 3.5) 

  5 g (0.0111 mol) of cis-1,5-ditosyloxycyclooctane in 50 ml three neck round 

bottom flask was added to a mixture of 4.93 g (0.0266 mol) of potassium phthalimide 

suspended in 30 ml of dry NMP (N-methyl-2-pyrrolidone) and the reaction mixture 

stirred at 50oC for 4 days.  After the reaction mixture was allowed to come to room 

temperature, 10 ml of 2M NaOH was added and the reaction mixture extracted three 

times with ether.  After removal of the solvent, 1 g of solid was obtained and 

recrystalized from methanol twice to yield 0.4g ( 40% yield) white solid. 

1H NMR(300 MHz CDCl3): δ 8.01 (m, 2H, aromatic hydrogen), δ 7.82 (m, 2H, aromatic 

hydrogen), δ 4.21 (m ,2H, NCH), δ 1.20-2.00 (m,12H, CCH2C). 
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F.  Cis-1,5-bis-isoindolinocyclooctane (compound 3.6) 

  An oven dried 25 ml three neck round bottom flask equipped with a water 

condenser and addition funnel was charged with 0.07 g (1.99 mmol) of LiAlH4 and 10 ml 

of anhydrous THF and set under nitrogen. 0.4 g (0.995 mmol) of cis-1,5-

bispthalimidecycloctane, dissolved in 5 ml of THF, was added to the stirred suspension 

dropwise at 0oC. After the reaction mixture was refluxed for 1 day, it was allowed to 

come to room temperature, and then cooled in an ice-bath. Excess LiAlH4 was quenched 

by adding of 0.07 ml of H2O slowly, followed by 0.07 ml of 15% NaOH and another 0.21 

ml of H2O.  The suspension was filtered and solvent removed from the filtrate under 

reduced pressure to give 0.1 g of brown product.  This product was difficult to purify, 

because it apparently formed highly colored N-oxides rapidly in the presence of air. 

ESI (MS) of this product showed MH+ (m/z 347), and MH2
2+ (m/z 174).  

1H NMR(300 mHz CDCl3): δ 8.01 (m, 2H, aromatic hydrogen), δ 7.82 (m, 2H, aromatic 

hydrogen), δ 4.0 (s, 4H, PhCH2N), δ 1.5-2.2 (m,12H, CCH2C). 

The following procedures were done to synthesize N,N,N’,N’-Tetramethylcadaverine and 

N,N,N’,N’-Tetramethylputrescine.  These diamines were chosen because they have 

N N

O

O
O

O
LiAlH4, dry THF

N N
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greater proton affinity in the gas phase than shorter (Me2N(CH2)3NMe2) or longer 

(Me2N(CH2)6NMe2) chain lengths. 

 

 

 

   G.  N,N,N’,N’-tetramethylglutaramide (compound 3.7)   

 10.8 g (0.24 mol) of dimethylamine was bubbled into 30 ml cold anhydrous ether 

and 10 g (0.06 mol) of glutaryl chloride added slowly to this solution while stirring in an 

ice bath.  The resulting salt was filtered and after the removal of solvent from filtrate, 9 g 

of white solid was obtained (80% yield).  

 1H NMR(300 MHz CDCl3): δ 2.98 (s, 6H, NCH3), δ 2.82 (s, 6H, NCH3), δ 2.36 (t, 4H, 

O=CCH2), δ 1.89  (m, 2H, CH2CH2CH2). 

 

 

 

H. N,N,N’,N’-Tetramethylcadaverine (compound 3.8)   

 An oven dried 500 ml three neck round bottom flask equipped with a water 

condenser and addition funnel was charged with 2.4 g (0.063 mol) of LiAlH4 and 60 ml 

of dry THF and set under nitrogen. 9 g (0.048 mol) of N,N,N’,N’-tetramethylglutaramide 

was dissolved in 40 ml of dry THF and added to the stirring suspension in an ice bath. 

The reaction mixture was refluxed for 2 days, then allowed to come to room temperature 

and cooled in an ice bath.  Excess LiAlH4 was quenched by addition of 2.4 ml of water, 

(Me)2N N(Me)2

O O
LiAlH4, dry THF

(Me)2N N(Me)2

Cl Cl

O O

HN(Me)2, ether

(Me)2N N(Me)2

O O
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2.4 ml of 15% NaOH, and another 7 ml of water. The suspension was filtered and after 

removal of the solvent from the filtrate under reduced pressure gave 5.5 g of yellow oil,  

which was distilled under vacuum (10mmHg, 120oC) to yield 3.5 g of clear oil (46% 

yield). 

 1H NMR(300 mHz CDCl3): δ 2.24 (t, 4H, NCH2), δ 2.20 (s, 12H, N(CH3)2), δ 1.47(m, 

4H, CH2), δ 1.31 (m, 2H, CH2). 

13C NMR(600 MHz CD3OD): δ 23.8 (1C), δ 25.7(4C), δ 43.1 (4C), δ 58.1 (2C).  

 

 

 

I. N,N,N’,N’-Tetramethylcadaverine  ditriflate (compound 3.9) 

 In an inert atmosphere 0.84 g (0.0062 mol) of  chilled neat triflic acid was slowly 

added to a vial of stirring solution of 0.95 g (0.0036 mol) N,N,N’,N’-tetramethylcadverine 

dissolved in 5 ml of pentane in an ice-salt bath. The resulting mixture was left in a closed 

vial for 4 hours while solid was formed. After filtration, 1.92 g of yellow solid was 

obtained.  

 13C gated decoupled proton NMR (600 MHz CD3OD): δ 21 (1.98C), δ 22 (2.00C), δ 41 

(3.98C), δ 56 (2.10C), δ 118 (quartet, 2.00C). 

 

 

 

 

(Me)2N N(Me)2

2 eq CF3SO3H, pentane
(Me)2NH+ NH(Me)2

+

-OTf -OTf



   

51 
 

 

 

J.  N,N,N’,N’-Tetramethylcadaverine  monotriflate (compound 3.10)   

  In an inert atmosphere 1.47 g (0.00985 mol) of  neat triflic acid was slowly added 

to a vial of stirring solution of 1.7 g (0.011 mol) N,N,N’,N’-tetramethylcadverine 

dissolved in 5 ml of pentane in an  ice-salt bath solution. 2.5 g of white solid was 

obtained after filtration. According to proton gated 13C NMR there is more than one 

molecule of acid present per base. Therefore the solid was recrystalized from 1ml of 

methanol and 0.36 g (0.00229 mol) of N,N,N’,N’-tetramethylcadverine with heating and 

stirring. The resulting mixture was left in a closed vial for a week while solid was 

formed. After filtration the proton gated 13C NMR of the solid showed that the amount of 

the acid per base was lower but still not one acid to base. Therefore the solid was 

recrystalized again from 1ml of methanol and 0.7g of N,N,N’,N’-tetramethylcadverine . 

After one week, the resulting white solid formed (1.5 g) showed the right stoichiometry.  

Proton gated13C NMR (500 MHz CH3OD, delay time=60 s): δ 22 (0.97C,  CH2), δ 23  

(1.85C, CH2), δ 41  (3.98C, N(CH3)2), δ 56 (1.85C,  CH2), δ 119 (1C, CF3SO3H).  

1H NMR(300 MHz CD3OD): δ 2.74 (AA’X2, 4H, NCH2), δ 2.59 (s, 12H, N(CH3)2), δ 

1.67 (m,4H, CH2 ), δ 1.41 (m, 2H, CH2). 
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K.  N,N,N’,N’-Tetramethylcadaverine  monotriflate crystal (compound 3.11)  

 In an inert atmosphere, 0.4 g (0.901 mmol) of N,N,N’,N’-tetramethylcadaverine  

ditriflate and 0.26 g (1.73 mmol) of tetramethylcadaverine were dissolved by stirring in 1 

ml of methanol in a 3ml vial at room temperature. The vial was left capped in a tilted 

position in an inert atmosphere.  Three months after, a thick clear crystal appeared. The 

X-ray structure of this compound is discussed later in this chapter.  

 

L.  N,N,N’,N’-Tetramethylputrescinium monotriflate (compound 3.12)   

 In an inert atmosphere, 1.04 g (0.0069 mol) of neat triflic acid was slowly added 

to a chilled solution of 1 g (0.0069 mol) of commercial N,N,N’,N’-tetramethylputrescine 

already dissolved in 4 ml of pentane with constant stirring at 0oC. 2.0 g of white solid 

was obtained after filtration. 

 Proton gated13C NMR(500 MHz CD3OD, delay time=60 s): δ 24 (2.00 C, CH2), δ 43  

(4.00 C, CH2), δ 58  (1.97 C, N(CH3)2), δ 120 (0.97 C, CF3SO3H).  

1H NMR(500 MHz, DMSO): δ 3.45 (broad s, 1H, CF3SO3H), δ 2.63 (t, 4H, CH2), δ 2.46 

(s, 12H, NCH3), δ 1.56 (m, 4H, CH2).  

 

 

N NH3C
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N(CH3)2
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M.   N,N,N’,N’-Tetramethylputrescinium ditriflate (compound 3.13)   

 In an inert atmosphere, 1.04 g (0.0069 mol) of neat triflic acid was slowly added 

to a chilled solution of 1.00 g (0.0069 mol) of N,N,N’,N’-tetramethylputrescine already 

dissolved in 4 ml of pentane with stirring at 0oC.  3 g of white solid was obtained after 

filteration. 

Proton gated13C NMR(500 MHz CD3OD, delay time=60 s): δ 20 (1.96 C,  CH2), δ 42  

(4.00C, CH2), δ 56  (2.03 C, N(CH3)2), δ 120 (2.06 C, CF3SO3H).  

 

N.  N,N,N’,N’-Tetramethylputrescinium monotriflate Crystal (compound 3.14) 

            2 mg of N,N,N’,N’-tetramethylputrescinium monotriflate  with 0.2 ml of methanol 

and 1 mg of commercial N,N,N’,N’-tetramethylputrescine were dissolved together with 

gentle heating in an NMR tube in an inert atmosphere. The NMR tube was cut down to 4 

inches to fit inside a test tube. The so called diffusion method was used in growing these 

crystals. The test tube with a tightened screw cap contained 3 ml of pentane at the 

bottom. Pentane vapors were allowed to diffuse into the methanol solution and, after 10 

days, crystals appeared.  The X-ray structure of this compound is discussed at the end of 

this chapter. 
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O.   Succinyl Chloride (compound 3.15) 

 3.6 g (0.0305 mol) of succinic acid and 12.4 g (0.0596 mol) PCl5 in a 50 ml round 

bottom flask were heated together at 80oC in an oil bath for two hours. At the end of the 

heating period, the tan mixture was treated with 0.2 ml of glacial acetic acid to 

decompose excess phosphorus pentachloride. One byproduct of the reaction, phosphorus 

oxychloride (bp=120oC) was removed by distillation.  The left-over residue was distilled 

under reduced pressure in a 1-neck flask equipped with a claisen head to separate 

succinyl chloride (bp=1900C) from another impurity succinic anhydride (bp=260oC). 1 g 

(21% yield) clear oil of succinyl chloride was obtained (500C, 1mmHg). 

1H NMR(300 mHz CDCl3): δ 3.23 (4H, (CH2)C=O) 

13C NMR(300 MHz CDCl3): δ 42 (2C, CH2), δ 172 (2C, C=O). 

 

P.   N,N,N',N'-Tetramethyl-succinamide(d12) (compound 3.16) 

  2 g of dimethylamine-d12 was bubbled into chilled anhydrous ether in a 50 ml 

round bottom flask placed an ice-bath.  2 g of succinyl chloride was added slowly to the 

chilled dimethylamine-d12-ether solution.  The resulting solid was filtered and solvent 

O

Cl

O

Cl

HN(CD3)2

ether

O

(CD3)2N

O

N(CD3)2

O

HO

O

OH
PCl5

O

Cl

O

Cl



   

55 
 

was removed from the filtrate to yield a yellow oil. After vacuum distillation, the distilled 

solidified as a white solid was obtained. (1300C, 1mmHg) 

ATR-IR:  2970 cm-1, 2930 cm-1 (CH stretches), 2860 cm-1, 2380 cm-1, 2300 cm-1, 2220 

cm-1, 2080 cm-1 (CD stretches), 1620 cm-1 (C=O), 1250 (s) cm-1(amide III band), 1130 

cm-1, 1070 cm-1, 1030 cm-1 (C-N stretches). 

 

Q.   N,N,N',N'-Tetramethylputrescine(d16) (compound 3.17) 

 In an oven dried 50 ml three neck round bottom flask equipped with a water 

condenser and addition funnel was charged with 0.7 g (0.0167 mol) of LiAlD4 and 30 ml 

of dry THF and set under nitrogen. 1.55g (0.008 mol) of N,N,N',N'-

tetramethylsuccinamide-d12 was dissolved in 15 ml of dry THF and added to the stirring 

suspension in an ice bath. The reaction mixture was refluxed for 2 days, then allowed to 

come to room temperature and cooled in an ice bath. Excess LiAlD4 was quenched by 

addition of 0.7 ml of water, 0.7 ml of 15% NaOH, and another 2.1 ml of water. The 

suspension was filtered and after removal of the solvent from the filtrate under reduced 

pressure gave 0.8 g of clear oil,  which was distilled under aspirator vacuum (70 mmHg, 

120oC) to yield 0.7 g (54% yield) of clear oil.  

ATR-IR:  2966 , 2966, 2883 cm-1(CH stretches), 2385, 2364, 2302, 2221, 2076 cm-1 (CD 

stretches), 1616 cm-1 (C=O), 1432 cm-1 (CH2 scissor mode), 1245 (s) cm-1 (amide III 

O

(CD3)2N

O

N(CD3)2

LiAlD4

dry THF

(CD3)2N
N(CD3)2

D D

D D
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band), 1128 cm-1 (CC stretch coupled with CH2 rocking), 1074 cm-1 (CD2 scissor), 1030 

and 925 cm-1 (C-N stretches), 817 cm-1 (CNC bend), and 728 cm-1 (CH2 rock). 

 

 

R.   N,N,N’,N’-Tetramethylputrescinium(d16) monotriflate (compound 3.18)  

 In an inert atmosphere, 0.65 g (0.0044 mol) of neat triflic acid was slowly added 

to a chilled solution of 0.7 g (0.0044 mol) of N,N,N’,N’-tetramethylputrescine-d16 already 

dissolved in 2 ml of pentane with constant stirring at 0oC.  1.2 g of white solid was 

obtained after filtration. 

 Proton gated 13C NMR(500 MHz CD3OD, delay time=60 s): δ 22 (1.99 C, s, CH2), δ 40  

(3.80 C, m,  CD2), δ 56  (2.13 C, m, N(CD3)2), δ 119 (0.98 C, q, CF3SO3H).  

2H NMR(600 MHz CD3OD): δ 2.70 (6D, N CD3), δ 2.45  (2D, CD2). 

 

S.  N,N,N',N'-tetramethylsuccinamide-d16 (compound 3.19)   

  1.7 g of dimethylamine-d6 was bubbled into 20 ml cold (-30oC) DMF-d7 in a 

50ml round bottom flask. 2 g of succinic acid-d4 and 2.32 g of P2O5 were successively 

added to this solution. The resulting suspension was heated to (90-100oC) for 20 hours. 
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DMF-d7 was removed by distillation. The remaining thick oil was distilled under reduced 

pressure (1 mmHg, 120oC) to yield 2.1 g (69% yield) of desired product. 

FTIR:  2970, 2860 cm-1 (CH stretches), 2380, 2300, 2220, 2080 cm-1 (CD stretches), 

1620 cm-1 (C=O), 1250 (s) cm-1 (amide III band), 1074 (CD scissor), 1030, 925 cm-1 (C-

N stretches), 817 cm-1 (CNC bend), and 728 cm-1 (CC stretch). 

 

 

 

T.   N,N,N',N'-tetramethylputrescine-d20 (compound 3.20) 

  An oven dried 50 ml three neck round bottom flask equipped with a water 

condenser and pressure equalizing addition funnel was charged with 0.7 g (0.0167 mol) 

of LiAlD4 and 30 ml of dry THF and set under nitrogen. 1.55g (0.008 mol) of N,N,N',N'-

tetramethylsuccinamide-d12 (compound 3.19) was dissolved in 15 ml of dry THF and 

added to the stirring suspension in an ice bath. The reaction mixture was refluxed for 2 

days, then allowed to come to room temperature and cooled in an ice bath. Excess 

LiAlD4 was quenched by addition of 0.7 ml of water, 0.7 ml of 15% NaOH, and another 

2.1 ml of water. The suspension was filtered and after removal of the solvent from the 

filtrate distillation under reduced pressure gave 0.8 g of clear oil,  which was distilled 

under vacuum (70 mmHg, 120oC) to yield 0.7 g (54% yield) of clear oil.  

LiAlD4

dry THF

(CD3)2N
N(CD3)2

D D

D DD D

D D
O

(CD3)2N

O

N(CD3)2

D D

D D
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IR(KBr):  2970 cm-1 (CH stretch), 2380 cm-1, 2300 cm-1, 2220 cm-1, 2080 cm-1 (CD 

stretches), 1130 cm-1, 1070 cm-1, 1030 cm-1 (C-N stretches). 

 

 

U.   N,N,N’,N’-Tetramethylputrescinium-d20 monotriflate (compound 3.21)   

 In an inert atmosphere, 1.04 g (0.0069 mol) of neat triflic acid was slowly added 

to a chilled solution of 1 g (0.0069 mol) of N,N,N’,N’-tetramethylputrescine-d20 already 

dissolved in 4 ml of pentane with constant stirring at 0oC.  

LC-ESI/MS: m/z =163.319 (from incomplete deuteration) , m/z =164. 319 corresponds to 

[C8N2D20 H+], m/z=313.279 (from incomplete deuteration), m/z=314.279 corresponds to 

[C8N2D20 H2
+] [CF3SO3

 - ].         

13C NMR(500 MHz CD3OD, relaxation time=60 s): δ 25 (1.88C, m,  CD2), δ .42  (1.86C, 

m, CD2), δ 59  (3.78C, m, N(CD3)2), δ 120 (1.00C,q,  CF3SO3H).  

 

 

 

 

 

N ND3C

CD3
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D3CH+
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V.   N,N,N’,N’-Tetramethylputrescinium-d20 ditriflate (compound 3.22)  

 In an inert atmosphere, 0.19 g (0.116 mmol) of neat triflic acid was slowly added 

to a chilled solution of 0.34 g (0.116 mmol) of N,N,N’,N’-tetramethylputrescine-d20 

dissolved in 2 ml of pentane with constant stirring at 0oC.  

 13C NMR(500 MHz CD3OD, relaxation time=60 s): δ 24.9 (2.10C, m,  CD2), δ .42.3  

(1.98C, m, CD2), δ 59.2  (3.90C, m, N(CD3)2), δ 120 (2.00C,q,  CF3SO3H).  

II.  X-ray Diffraction Studies 

A. Methods 

1.  N,N,N’,N’-Tetramethylcadaverine Monotriflate 

  A colorless prism fragment (0.29 x 0.23 x 0.14 mm3) was used for the single 

crystal X-ray diffraction study of [C9H23N2]+[CF3SO3]- (sample tm5_0m, MPTMC-5). 

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 APEX21  platform-CCD x-ray 

diffractometer system (Mo-radiation, λ = 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 ω, starting ω 

and 2θ angles at –30o, and φ angles of 0o, 90o, 180o, and 270o for every 600 frames, 20 

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

yielded a total of 22222 reflections at a maximum 2θ angle of 61.00o (0.70 Å resolution), 

CF3SO3
-

(CD3)2N
N(CD3)2

D D

D D 2 eq. CF3SO3H

Pentane

D D

D D

(CD3)2NH+

NH(CD3)2
+

D D

D DD D

D D
CF3SO3
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of which 4496 were independent reflections (Rint = 0.0477, Rsig = 0.0395, redundancy = 

4.9, completeness = 99.5%) and 3527 (78.4%) reflections were greater than 2σ(I). 

Absorption corrections were applied (absorption coefficient µ = 0.258 mm-1
; max/min 

transmission = 0.9658/0.9288) to the raw intensity data using the SADABS program2. 

The distribution of intensities (E2-1 = 0.919) and systematic absent reflections indicated 

two possible space groups, C2/c and Cc. The space group C2/c (#15) 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.    

2.  Cis-1,5-Cyclooctanediaminium monotriflate 

  A colorless thin plate fragment (0.64 x 0.21 x 0.06 mm3) was used for the single 

crystal x-ray diffraction study of [C8H19N2]+[CF3SO3]- (sample tm2_0m). The crystal 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 APEX21 platform-CCD x-ray 

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

detector was placed at a distance of 5.0580 cm from the crystal.  A total of 1800 frames 

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

and 2θ angles at –30o, and φ angles of 0o, 90o, and 180o for every 600 frames, 10 

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

yielded a total of 31801 reflections at a maximum 2θ angle of 61.02o (0.70 Å resolution), 

of which 4084 were independent reflections (Rint = 0.0493, Rsig = 0.0361, redundancy = 
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7.8, completeness = 100%) and 3326 (81.4%) reflections were greater than 2σ(I). 

Absorption corrections were applied (absorption coefficient µ = 0.281 mm-1
; max/min 

transmission = 0.9839/0.8412) to the raw intensity data using the SADABS program 

(version 2004/1).   The distribution of intensities (E2-1 = 0.850) and systematic absent 

reflections indicated two possible space groups, P4(1)2(1)2 and P4(3)2(1)2. The space 

group P4(3)2(1)2 (#96) 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. 

3.    N,N,N’,N’-Tetramethylputrescinium monoitriflate  

 A colorless fragment of a prism (0.17 x 0.12 x 0.03 mm3) was used for the single 

crystal x-ray diffraction study of [C8H21N2]+[CF3SO3]-. The crystal was coated with 

perfluoropolyethers (PFPE) oil and mounted onto a glass fiber. X-ray intensity data were 

collected at 100K on a Bruker APEX21 platform-CCD x-ray diffractometer system (Mo-

radiation, λ = 0.71073 Å, 50KV/40mA power). The CCD detector was placed at a 

distance of 5.0280 cm from the crystal. A total of 3600 frames were collected for a sphere 

of reflections (with scan width of 0.3o in ω, starting ω and 2θ angles of –30o, and φ angles 

of 0o, 90o, 120o, 180o, 240o, and 270o for every 600 frames, 40 sec/frame exposure time). 

A colorless prism fragment (0.29 x 0.23 x 0.14 mm3) was used for the single crystal x-ray 

diffraction study of [C9H23N2]+[CF3SO3]- (sample tm5_0m, MPTMC-5). The crystal was 

coated with paratone oil and mounted on to a cryo-loop glass fiber. X-ray intensity data 
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were collected at 100(2) K on a Bruker APEX21 platform-CCD x-ray diffractometer 

system (Mo-radiation, λ = 0.71073 Å, 50KV/40mA power). The CCD detector was 

placed at a distance of 5.0350 cm from the crystal. 

 

B.  Results 

1.  N,N,N’,N’-Tetramethylcadaverine Monotriflate  

 There is one [C9H23N2]+cation, and one [CF3SO3]- anion of present in the 

asymmetry unit of the monoclinic unit cell.  The X-ray structure of the tête-bêche triflate 

salt of monoprotonated Me2N(CH2)5NMe2 shows two equal N-N distances of 2.75 Å 

(Figure 3.1).  The NHN bond angle is 1710 for both amine groups on the chain. The 

counterions lie on the opposite sides of the nitrogens, with the triflate oxygens >3.6 Å 

away.  from the nitrogens.  Thus, no salt bridging occurs in the tête-bêche dimer. There 

are eight N,N,N’,N’-tetramethylcadaverine monotriflates present in the unit cell (Figure 

3.2). The estimated NHN hydrogen bond angles and distances are given in Table 3.1.  

Appendix 3.1 contains the bond distances, bond angles and dihedral angles of N,N,N’,N’-

tetramethylcadaverine monotriflate. 

________________________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________ 
 N(1)-H(1)...N(2)#1 1.13(2) 1.63(2) 2.755(2) 171o(2) 
________________________________________________________________________ 
Table 3.1:  Hydrogen bonds for N,N,N’,N’-tetramethylcadaverine  monotriflate  (Å and 
degrees) Symmetry transformations used to generate equivalent atoms: #1 -x+1/2,-
y+1/2,-z+1.  The numbers in the parentheses represents the standard deviation.  
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Figure 3.1: X-ray structure of N,N,N’,N’-tetramethylcadaverine monotriflate. 
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Figure 3.2: The unit cell of N,N,N’,N’-tetramethylcadaverine  monotriflate.  
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Figure 3.3: X-ray structure of cis-1,5-cyclooctanediaminium monotriflate.  

2.  Cis-1,5-cyclooctanediaminium monotriflate  

              There is one [C8H19N2]+  cation per [CF3SO3]- anion present in the tetragonal unit 

cell of cis-1,5-cyclooctanediaminium monotriflate.  As shown in Figure 3.3, the 

cyclooctane ring adapts a crown geometry, which makes it impossible for the two amine 

groups form an internal hydrogen bond.  Instead one of the amine groups forms a salt 

bridge with the triflic acid while it is hydrogen bonding to the amine group of the 

neighboring molecule. The NHN hydrogen bond that is formed between two neighboring 

cations is corresponds to an N-N distance 2.758 Ǻ, and the NHN bond angle is 
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approximately 1760 (Figure 3.4).  The oxygen atoms of the triflate anion are 2.29-2.47 Ǻ 

away from the nitrogen atom of the cation. There are eight cis-1,5-cyclooctanediaminium 

monotriflate molecules per unit cell.  The estimated NHN and NHO hydrogen bond 

angles and distances are given in Table 3.2. Appendix 3.2 contains the bond distances, 

bond angles and dihedral angles of cis-1,5-cyclooctanediaminiummonotriflate. 

 

Figure 3.4: Tetragonal unit cell of cis-1,5-cyclooctanediaminiummonotriflate. 
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________________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________ 
 N(1)-H(1A)...O(1')#1 0.89(3) 2.29(3) 3.150(2) 163(3) 
 N(1)-H(1A)...O(2')#1 0.89(3) 2.47(3) 3.158(2) 134(2) 
 N(1)-H(1A)...S(1')#1 0.89(3) 2.83(3) 3.6756(16) 161(2) 
 N(1)-H(1B)...O(2')#2 0.85(2) 2.01(2) 2.858(2) 174(2) 
 N(1)-H(1C)...N(5)#3 0.96(3) 1.80(3) 2.758(2) 176(3) 
 N(5)-H(5A)...O(3')#4 0.92(3) 2.31(2) 3.145(2) 151.1(19) 
 N(5)-H(5B)...O(1')#5 0.87(2) 2.30(2) 3.168(2) 175(2) 
________________________________________________________________________ 
Table 3.2: Hydrogen bonds for cis-1,5-cyclooctanediaminium monotriflate.(Å, degrees) 
Symmetry transformations used to generate equivalent atoms:  
#1 x+1/2,-y+3/2,-z+1/4    #2 x+1,y,z    #3 y+1/2,-x+3/2,z+1/4     #4 y+1,x,-z    #5 -
y+3/2,x-1/2,z-1/4.  The numbers in the parentheses represents the standard deviation.      
 

3.   N,N,N’,N’-Tetramethylputrescinium monoitriflate  

 The X-ray structure of the cyclic, monoprotonated triflate salt of 

Me2N(CH2)4NMe2  displays an internal N-N distance of 2.66Å.  The triflate oxygens lie 

more than 4 Å away from the midpoint between the nitrogen atoms, indicating that salt 

bridging does not occur here (Figure 3.5).  There is one [C8H21N2]+  cation and one 

[CF3SO3]- anion present in the asymmetric triclinic unit cell (Figure 3.6). The H-atom 

attached to N1 and N2 were refined as a disordered atom.  This gives the position of the 

hydrogen is as 63% on one nitrogen atom and 37% on the other nitrogen atom. The 

disorder indicates there are two different conformers seen in the crystal packing of this 

compound.  The possible NHN hydrogen bond angles and distances are given in Table 
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3.3.  Appendix 3.3 contains the bond distances, bond angles and dihedral angles of 

N,N,N’,N’-tetramethylputrescine monotriflate   

________________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________ 
 N(2)-H(2)...N(1) 0.86(7) 1.80(7) 2.6589(17) 176(5) 
 N(1)-H(1)...N(2) 0.90(4) 1.76(4) 2.6589(17) 171(3) 
_______________________________________________________________________  
Table 3.3: Hydrogen bonds for N,N,N’,N’-tetramethylpurescinium monotriflate. 
 [Å and degrees].  The numbers in the parentheses represents the standard deviation. 
 

 X-ray diffraction data for N,N,N’,N’-tetramethylputrescinium-d20 monotriflate 

show more disorder than does the protonated salt due to the poor X-ray quality of the thin 

plate crystal. The diffraction data for d20 (not shown here) reveals the same geometry of 

the anion and cation as for d0 compound.  The unit cell of d20 is monoclinic, as compared 

with the triclinic unit cell of the d0. The change of the unit cell does not affect the 

relevant structure features of the salt.  It affects only the phonon mode vibration region, 

in which we are not interested.   
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Figure 3.5: X-ray structure of N,N,N’,N’-tetramethylputrescinium monotriflate. 
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Figure 3.6: The unit cell of N,N,N’,N’-tetramethylputrescinium monotriflate  
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APPENDIX 3.1 

 
Identification code  tm5_0m 
Empirical formula  C10 H23 F3 N2 O3 S 
Formula weight  308.36 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 23.988(3) Å α= 90°. 
 b = 12.5353(15) Å β= 103.315(2)°. 
 c = 10.1071(12) Å γ = 90°. 
Volume 2957.5(6) Å3 
Z 8 
Density (calculated) 1.385 Mg/m3 
Absorption coefficient 0.258 mm-1 
F(000) 1312 
Crystal size 0.29 x 0.23 x 0.14 mm3 
Theta range for data collection 1.74 to 30.50°. 
Index ranges -34<=h<=34, -17<=k<=17, -14<=l<=14 
Reflections collected 22222 
Independent reflections 4496 [R(int) = 0.0477] 
Completeness to theta = 30.50° 99.5 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9658 and 0.9288 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4496 / 0 / 180 
Goodness-of-fit on F2 1.076 
Final R indices [I>2sigma(I)] R1 = 0.0493, wR2 = 0.1173 
R indices (all data) R1 = 0.0641, wR2 = 0.1213 
Largest diff. peak and hole 0.454 and -0.469 e.Å-3 
 
Table 3.4:  Crystal data and structure refinement for N,N,N’,N’-tetramethylcadaverine  
monotriflate  
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________________________________________________________________________
 x y z U(eq) 
________________________________________________________________________ 
N(1) 939(1) 1550(1) 5373(1) 17(1) 
C(1) 619(1) 1376(2) 6457(2) 23(1) 
C(2) 605(1) 1132(2) 4055(2) 22(1) 
C(3) 1517(1) 1055(2) 5794(2) 19(1) 
C(4) 1875(1) 1133(2) 4730(2) 19(1) 
C(5) 2500(1) 885(2) 5395(2) 20(1) 
C(6) 2916(1) 1020(2) 4467(2) 18(1) 
C(7) 3522(1) 798(2) 5281(2) 18(1) 
N(2) 3985(1) 1259(1) 4705(1) 17(1) 
C(8) 3970(1) 823(2) 3337(2) 25(1) 
C(9) 4541(1) 995(2) 5636(2) 23(1) 
C(1') 1745(1) 2314(2) 464(2) 25(1) 
F(1') 1978(1) 3268(1) 477(2) 66(1) 
F(2') 1791(1) 1811(2) -668(1) 59(1) 
F(3') 2062(1) 1766(1) 1492(1) 34(1) 
S(1') 998(1) 2391(1) 572(1) 20(1) 
O(1') 731(1) 2996(2) -607(1) 35(1) 
O(2') 1030(1) 2911(2) 1846(2) 40(1) 
O(3') 829(1) 1289(1) 550(2) 43(1) 
_________________________________________________________________ 
Table 3.5: Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for N,N,N’,N’-tetramethylcadaverine  monotriflate. U (eq) is defined as one 
third of the trace of the orthogonalized Uij tensor.  The numbers in the parentheses 
represents the standard deviation. 
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N(1)-C(2)                          1.484(2)              F(1')-C(1')-S(1')                111.80(15) 
N(1)-C(3)                          1.489(2)              F(3')-C(1')-S(1')                111.99(13) 
N(1)-C(1)                          1.492(2)              F(2')-C(1')-S(1')                110.66(13)  
C(3)-C(4)                          1.526(2)              O(2')-S(1')-O(1')               115.37(11) 
C(4)-C(5)                          1.527(2)              O(2')-S(1')-O(3')               114.07(12) 
C(5)-C(6)                          1.527(2)              O(1')-S(1')-O(3')               115.15(11) 
C(6)-C(7)                          1.524(2)              O(2')-S(1')-C(1')               103.21(9) 
C(7)-N(2)                          1.484(2)              O(1')-S(1')-C(1')               103.65(9) 
N(2)-C(8)                          1.479(2)              O(3')-S(1')-C(1')               103.08(10) 
N(2)-C(9)                          1.481(2) 
C(1')-F(1')                         1.318(3) 
C(1')-F(3')                         1.330(2) 
C(1')-F(2')                         1.333(2) 
C(1')-S(1')                         1.8220(19) 
S(1')-O(2')                         1.4291(15) 
S(1')-O(1')                         1.4336(15) 
S(1')-O(3')                         1.4389(18) 
C(2)-N(1)-C(3)           112.65(14) 
C(2)-N(1)-C(1)  110.13(13) 
C(3)-N(1)-C(1) 109.38(13) 
N(1)-C(3)-C(4) 114.23(14) 
C(3)-C(4)-C(5) 109.37(14) 
C(4)-C(5)-C(6) 114.84(14) 
C(7)-C(6)-C(5) 108.99(14) 
N(2)-C(7)-C(6) 115.17(14) 
C(8)-N(2)-C(9) 109.71(14) 
C(8)-N(2)-C(7) 111.25(14) 
C(9)-N(2)-C(7) 107.99(13) 
F(1')-C(1')-F(3') 107.22(17) 
F(1')-C(1')-F(2') 108.67(19) 
F(3')-C(1')-F(2')                106.25(17) 
_________________________________________________________________ 
Table 3.6: Bond lengths [Å] and angles [degrees] for N,N,N’,N’-tetramethylcadaverine  
monotriflate.  The numbers in the parentheses represents the standard deviation. 
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________________________________________________________________________
U11 U22 U33 U23 U13 U12 
________________________________________________________________________ 
N(1) 14(1)  23(1) 16(1)  1(1) 3(1)  -1(1) 
C(1) 19(1)  32(1) 19(1)  2(1) 7(1)  -1(1) 
C(2) 16(1)  33(1) 16(1)  -2(1) 2(1)  -2(1) 
C(3) 13(1)  24(1) 18(1)  2(1) 2(1)  1(1) 
C(4) 15(1)  24(1) 17(1)  -1(1) 2(1)  -1(1) 
C(5) 14(1)  26(1) 19(1)  2(1) 3(1)  1(1) 
C(6) 15(1)  23(1) 15(1)  0(1) 2(1)  0(1) 
C(7) 14(1)  24(1) 16(1)  2(1) 4(1)  0(1) 
N(2) 15(1)  22(1) 15(1)  -1(1) 5(1)  1(1) 
C(8) 31(1)  30(1) 18(1)  -5(1) 10(1)  0(1) 
C(9) 15(1)  28(1) 25(1)  1(1) 5(1)  3(1) 
C(1') 16(1)  34(1) 24(1)  6(1) 3(1)  2(1) 
F(1') 20(1)  45(1) 132(2)  36(1) 14(1)  -3(1) 
F(2') 29(1)  125(2) 26(1)  -7(1) 11(1)  26(1) 
F(3') 22(1)  45(1) 31(1)  8(1) -2(1)  9(1) 
S(1') 14(1)  31(1) 14(1)  -2(1) 4(1)  1(1) 
O(1') 22(1)  61(1) 23(1)  11(1) 6(1)  13(1) 
O(2') 37(1)  60(1) 23(1)  -12(1) 7(1)  11(1) 
O(3') 25(1)  37(1) 67(1)  -3(1)             9(1)            -7(1) 

Table 3.7:   Anisotropic displacement parameters (Å2x 103) for N,N,N’,N’-
tetramethylcadaverine  monotriflate.  The anisotropic displacement factor exponent takes 
the form: -2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ].  The numbers in the parentheses 
represents the standard deviation. 
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C(2)-N(1)-C(3)-C(4) 54.2(2) 
C(1)-N(1)-C(3)-C(4) 177.07(15) 
N(1)-C(3)-C(4)-C(5) 164.67(15) 
C(3)-C(4)-C(5)-C(6) -175.43(16) 
C(4)-C(5)-C(6)-C(7) 177.35(16) 
C(5)-C(6)-C(7)-N(2) -158.91(15) 
C(6)-C(7)-N(2)-C(8) -61.1(2) 
C(6)-C(7)-N(2)-C(9) 178.42(15) 
F(1')-C(1')-S(1')-O(2') -60.69(18) 
F(3')-C(1')-S(1')-O(2') 59.66(17) 
F(2')-C(1')-S(1')-O(2') 178.02(16) 
F(1')-C(1')-S(1')-O(1') 59.96(18) 
F(3')-C(1')-S(1')-O(1') -179.68(15) 
F(2')-C(1')-S(1')-O(1') -61.33(18) 
F(1')-C(1')-S(1')-O(3') -179.68(16) 
F(3')-C(1')-S(1')-O(3') -59.33(17) 
F(2')-C(1')-S(1')-O(3') 59.03(18) 
________________________________________________________________ 
 Table 3.8:  Torsion angles [degrees] for N,N,N’,N’-tetramethylcadaverine  monotriflate.  
The numbers in the parentheses represents the standard deviation. 
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APPENDIX 3.2 
Identification code  tm2_0m 
Empirical formula  C9 H19 F3 N2 O3 S 
Formula weight  292.32 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Tetragonal 
Space group  P4(3)2(1)2 (#96) 
Unit cell dimensions a = 8.9986(2) Å α= 90°. 
 b = 8.9986(2) Å β= 90°. 
 c = 33.0212(12) Å γ = 90°. 
Volume 2673.89(13) Å3 
Z 8 
Density (calculated) 1.452 Mg/m3 
Absorption coefficient 0.281 mm-1 
F(000) 1232 
Crystal size 0.64 x 0.21 x 0.06 mm3 
Theta range for data collection 2.35 to 30.51°. 
Index ranges -12<=h<=12, -12<=k<=12, -42<=l<=46 
Reflections collected 31801 
Independent reflections 4084 [R(int) = 0.0493] 
Completeness to theta = 30.51° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9839 and 0.8412 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4084 / 0 / 197 
Goodness-of-fit on F2 1.064 
Final R indices [I>2sigma(I)] R1 = 0.0394, wR2 = 0.0970 
R indices (all data) R1 = 0.0533, wR2 = 0.1036 
Absolute structure parameter -0.04(9) 
Largest diff. peak and hole 0.532 and -0.209 e.Å-3 
________________________________________________________________________ 
Table 3.9:  Crystal data and structure refinement for cis-1,5-cyclooctanediaminium 
monotriflate. 
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                                             x y                     z  U(eq 
      
________________________________________________________________________ 
C(1) 9457(2) 5555(2) 543(1) 21(1) 
C(2) 9932(2) 3925(2) 547(1) 27(1) 
C(3) 9316(2) 2945(2) 207(1) 27(1) 
C(4) 10189(2) 2857(2) -189(1) 28(1) 
C(5) 9709(2) 3869(2) -537(1) 23(1) 
C(6) 10233(3) 5497(2) -502(1) 40(1) 
C(7) 9484(3) 6501(2) -197(1) 33(1) 
C(8) 10164(2) 6568(2) 230(1) 29(1) 
N(1) 9786(2) 6171(2) 956(1) 23(1) 
N(5) 10296(2) 3327(2) -928(1) 25(1) 
C(1') 5063(2) 4992(2) 781(1) 34(1) 
F(1') 6071(1) 3919(1) 810(1) 41(1) 
F(2') 5790(2) 6274(2) 745(1) 60(1) 
F(3') 4287(2) 4753(2) 444(1) 79(1) 
O(1') 4863(2) 5330(2) 1548(1) 39(1) 
O(2') 2892(1) 6289(2) 1133(1) 35(1) 
O(3') 3140(2) 3616(2) 1221(1) 35(1) 
S(1') 3852(1) 5034(1) 1220(1) 22(1) 
________________________________________________________________________ 
Table 3.10:  Atomic coordinates ( x 104) and equivalent isotropic displacement 
parameters (Å2x 103) for cis-1,5-cyclooctanediaminium monotriflate .U(eq) is defined as 
one third of the trace of the orthogonalized Uij tensor.  The numbers in the parentheses 
represents the standard deviation. 
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C(1)-N(1)                          1.500(2)                    F(1')-C(1')-S(1')               111.48(14) 
C(1)-C(8)                          1.518(2)                    F(3')-C(1')-S(1')               110.82(15) 
C(1)-C(2)                          1.528(2)                    F(2')-C(1')-S(1')               110.34(15) 
C(2)-C(3)                          1.530(2)                    O(3')-S(1')-O(1')              116.62(10) 
C(3)-C(4)                          1.528(3)                    O(3')-S(1')-O(2')              115.39(8) 
C(4)-C(5)                         1.528(2)                     O(1')-S(1')-O(2')              112.49(9) 
C(5)-N(5)                          1.480(2)                    O(3')-S(1')-C(1')              104.56(9) 
C(5)-C(6)                          1.543(3)                    O(1')-S(1')-C(1')              103.04(10) 
C(6)-C(7)                          1.512(3)                    O(2')-S(1')-C(1')              102.39(9) 
C(7)-C(8)                          1.539(3) 
C(1')-F(1')                         1.328(2) 
C(1')-F(3')                         1.329(3) 
C(1')-F(2')                         1.331(3) 
C(1')-S(1')                         1.8168(19) 
O(1')-S(1')                         1.4390(15) 
O(2')-S(1')                         1.4504(14) 
O(3')-S(1')                         1.4282(14) 
N(1)-C(1)-C(8) 108.25(13) 
N(1)-C(1)-C(2) 106.98(14) 
C(8)-C(1)-C(2) 117.70(15) 
C(1)-C(2)-C(3) 116.48(15) 
C(4)-C(3)-C(2) 118.07(16) 
C(3)-C(4)-C(5) 117.85(16) 
N(5)-C(5)-C(4) 111.08(14) 
N(5)-C(5)-C(6) 105.57(14) 
C(4)-C(5)-C(6) 115.07(15) 
C(7)-C(6)-C(5) 118.71(17) 
C(6)-C(7)-C(8) 117.20(18) 
C(1)-C(8)-C(7) 115.66(15)                                                                           
F(1')-C(1')-F(3') 107.61(18) 
F(1')-C(1')-F(2') 107.55(17) 
________________________________________________________________________ 
Table 3.11:  Bond lengths [Å] and angles [degrees] for cis-1,5-cyclooctanediaminium 
monotriflate. The numbers in the parentheses represents the standard deviation. 
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 U11 U22 U33 U23 U13 U12 
________________________________________________________________________ 
C(1) 22(1)  24(1) 16(1)  -3(1) -2(1)  -3(1) 
C(2) 36(1)  25(1) 19(1)  -2(1) -4(1)  2(1) 
C(3) 38(1)  23(1) 19(1)  -2(1) 3(1)  -10(1) 
C(4) 40(1)  30(1) 16(1)  -1(1) 2(1)  11(1) 
C(5) 29(1)  24(1) 15(1)  -3(1) 0(1)  5(1) 
C(6) 67(2)  26(1) 27(1)  -4(1) 13(1)  -8(1) 
C(7) 52(1)  24(1) 24(1)  2(1) -5(1)  5(1) 
C(8) 38(1)  31(1) 19(1)  -1(1) -1(1)  -9(1) 
N(1) 28(1)  24(1) 19(1)  -4(1) -2(1)  1(1) 
N(5) 34(1)  25(1) 17(1)  0(1) 4(1)  2(1) 
C(1') 31(1)  43(1) 26(1)  3(1) 7(1)  5(1) 
F(1') 34(1)  37(1) 52(1)  -10(1) 12(1)  8(1) 
F(2') 47(1)  44(1) 89(1)  27(1) 38(1)  9(1) 
F(3') 65(1)  150(2) 21(1)  -8(1) -4(1)  24(1) 
O(1') 34(1)  54(1) 30(1)  -12(1) -5(1)  -3(1) 
O(2') 24(1)  27(1) 55(1)  0(1) 6(1)  4(1) 
O(3') 31(1)  25(1) 51(1)  -2(1) 4(1)  -6(1) 
S(1') 20(1)  23(1) 25(1)  -4(1) 2(1)  -2(1) 

Table 3.12: Anisotropic displacement parameters (Å2x 103) for cis-1,5-
cyclooctanediaminium monotriflate. The anisotropic displacement factor exponent takes 
the form: -2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ].  The numbers in the parentheses 
represents the standard deviation. 
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N(1)-C(1)-C(2)-C(3) 163.19(15) 
C(8)-C(1)-C(2)-C(3) -74.8(2) 
C(1)-C(2)-C(3)-C(4) 88.3(2) 
C(2)-C(3)-C(4)-C(5) -96.6(2) 
C(3)-C(4)-C(5)-N(5) -161.14(16) 
C(3)-C(4)-C(5)-C(6) 79.0(2) 
N(5)-C(5)-C(6)-C(7) 163.40(18) 
C(4)-C(5)-C(6)-C(7) -73.7(2) 
C(5)-C(6)-C(7)-C(8) 90.5(3) 
N(1)-C(1)-C(8)-C(7) -157.30(16) 
C(2)-C(1)-C(8)-C(7) 81.3(2) 
C(6)-C(7)-C(8)-C(1) -96.0(2) 
F(1')-C(1')-S(1')-O(3') -61.07(17) 
F(3')-C(1')-S(1')-O(3') 58.76(18) 
F(2')-C(1')-S(1')-O(3') 179.49(14) 
F(1')-C(1')-S(1')-O(1') 61.30(17) 
F(3')-C(1')-S(1')-O(1') -178.87(16) 
F(2')-C(1')-S(1')-O(1') -58.14(17) 
F(1')-C(1')-S(1')-O(2') 178.22(15) 
F(3')-C(1')-S(1')-O(2') -61.94(18) 
F(2')-C(1')-S(1')-O(2') 58.79(16) 
________________________________________________________________ 
Table 3.13: Torsion angles [degrees] for cis-1,5-cyclooctanediaminium monotriflate.  
The numbers in the parentheses represents the standard deviation. 
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APPENDIX 3.3 
Identification code  tm8rr2_0m 
Empirical formula  C9 H21 F3 N2 O3 S 
Formula weight  294.34 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 7.9170(4) Å α= 75.6845(7)°. 
 b = 8.3707(4) Å β= 87.2302(7)°. 
 c = 11.2068(5) Å γ = 80.8766(8)°. 
Volume 710.49(6) Å3 
Z 2 
Density (calculated) 1.376 Mg/m3 
Absorption coefficient 0.265 mm-1 
F(000) 312 
Crystal size 0.17 x 0.12 x 0.03 mm3 
Theta range for data collection 1.88 to 30.51°. 
Index ranges -11<=h<=11, -11<=k<=11, -15<=l<=15 
Reflections collected 17145 
Independent reflections 4326 [R(int) = 0.0372] 
Completeness to theta = 30.51° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9921 and 0.9557 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4326 / 0 / 174 
Goodness-of-fit on F2 1.018 
Final R indices [I>2sigma(I)] R1 = 0.0411, wR2 = 0.0931 
R indices (all data) R1 = 0.0604, wR2 = 0.1024 
Largest diff. peak and hole 0.520 and -0.340 e.Å-3 

________________________________________________________________ 
Table 3.14: Crystal data and structure refinement for N,N,N’,N’-tetramethylputrescinium 
monotriflate. 
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________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________ 
N(1) 1809(2) 6945(2) 3211(1) 15(1) 
N(2) 3446(2) 9546(2) 2978(1) 19(1) 
C(1) 2687(2) 5373(2) 4003(1) 21(1) 
C(2) 60(2) 7390(2) 3693(1) 20(1) 
C(3) 1778(2) 6827(2) 1904(1) 18(1) 
C(4) 1420(2) 8517(2) 990(1) 20(1) 
C(5) 2882(2) 9562(2) 783(1) 24(1) 
C(6) 2999(2) 10578(2) 1727(1) 24(1) 
C(7) 2959(2) 10521(2) 3905(2) 26(1) 
C(8) 5280(2) 8866(2) 3082(2) 28(1) 
S(1) 2025(1) 7038(1) 7237(1) 17(1) 
O(1') 3516(2) 7087(2) 6450(1) 31(1) 
O(2') 1409(2) 8557(1) 7605(1) 28(1) 
O(3') 723(2) 6227(2) 6887(1) 31(1) 
C(1') 2836(2) 5634(2) 8668(2) 26(1) 
F(1') 4010(2) 6259(2) 9150(1) 46(1) 
F(2') 1604(2) 5357(1) 9508(1) 41(1) 
F(3') 3564(2) 4149(1) 8500(1) 45(1) 
Table 3.15: Atomic coordinates (x 104) and equivalent isotropic displacement 
parameters (Å2x 103) for N,N,N’,N’-tetramethylpurescinium monotriflate. 
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.  The numbers 
in the parentheses represents the standard deviation. 
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N(1)-C(1)                           1.4814(18)        O(2')-S(1)-C(1')            102.52(7)                      
N(1)-C(2)                           1.4866(17)        O(1')-S(1)-C(1')            102.92(8) 
N(1)-C(3)                           1.4939(17)        F(2')-C(1')-F(1')            107.29(13) 
N(2)-C(8)                           1.4727(19)        F(2')-C(1')-F(3')            107.14(13) 
N(2)-C(7)                           1.4751(18)        F(1')-C(1')-F(3')            107.52(13) 
N(2)-C(6)                           1.479(2)            F(2')-C(1')-S(1)            111.97(11) 
C(3)-C(4)                           1.521(2)            F(1')-C(1')-S(1)            111.04(11) 
C(4)-C(5)                           1.534(2)            F(3')-C(1')-S(1)            111.64(11) 
C(5)-C(6)                           1.526(2) 
S(1)-O(3')                          1.4379(11) 
S(1)-O(2')                          1.4381(11) 
S(1)-O(1')                          1.4389(11) 
S(1)-C(1')                          1.8148(16) 
C(1')-F(2')                         1.3285(19) 
C(1')-F(1')                         1.332(2) 
C(1')-F(3')                         1.3381(17) 
C(1)-N(1)-C(2) 110.68(11) 
C(1)-N(1)-C(3) 110.88(11) 
C(2)-N(1)-C(3) 111.80(11) 
C(8)-N(2)-C(7) 109.70(12) 
C(8)-N(2)-C(6) 111.99(12) 
C(7)-N(2)-C(6) 110.58(12) 
N(1)-C(3)-C(4) 113.35(11) 
C(3)-C(4)-C(5) 115.67(12) 
C(6)-C(5)-C(4) 115.68(12) 
N(2)-C(6)-C(5) 113.77(12) 
O(3')-S(1)-O(2') 115.25(7) 
O(3')-S(1)-O(1') 114.75(7) 
O(2')-S(1)-O(1') 115.21(7) 
O(3')-S(1)-C(1') 103.67(8) 
_____________________________________________________ 
Table 3.16: Bond lengths [Å] and angles [degrees] for N,N,N’,N’-tetramethylpurescinium 
monotriflate.  The numbers in the parentheses represents the standard deviation. 
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________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
________________________________________________________________________
N(1) 16(1)  15(1) 15(1)  -5(1) 1(1)  -3(1) 
N(2) 16(1)  18(1) 24(1)  -8(1) 0(1)  -5(1) 
C(1) 24(1)  18(1) 19(1)  -3(1) -1(1)  -1(1) 
C(2) 18(1)  21(1) 20(1)  -5(1) 5(1)  -4(1) 
C(3) 21(1)  21(1) 16(1)  -7(1) 1(1)  -6(1) 
C(4) 22(1)  24(1) 15(1)  -5(1) 0(1)  -6(1) 
C(5) 26(1)  26(1) 18(1)  -2(1) 5(1)  -9(1) 
C(6) 26(1)  19(1) 26(1)  -2(1) 2(1)  -9(1) 
C(7) 27(1)  24(1) 30(1)  -14(1) -2(1)  -4(1) 
C(8) 17(1)  29(1) 42(1)  -16(1) -3(1)  -4(1) 
S(1) 18(1)  17(1) 17(1)  -4(1) -1(1)  -3(1) 
O(1') 30(1)  37(1) 26(1)  -8(1) 9(1)  -9(1) 
O(2') 29(1)  17(1) 37(1)  -8(1) -1(1)  0(1) 
O(3') 31(1)  34(1) 31(1)  -9(1) -8(1)  -14(1) 
C(1') 32(1)  21(1) 23(1)  -6(1) -2(1)  0(1) 
F(1') 48(1)  48(1) 41(1)  -6(1) -26(1)  -7(1) 
F(2') 63(1)  39(1) 22(1)  -4(1) 12(1)  -14(1) 
F(3') 63(1)  21(1) 44(1)  -5(1) -6(1)  13(1) 
________________________________________________________________ 
Table 3.17: Anisotropic displacement parameters (Å2x 103) for N,N,N’,N’-
tetramethylpurescinium monotriflate . The anisotropic displacement factor exponent 
takes the form: -2π2[ h2a*2U11 + ... + 2 h k a* b* U12 ].  The numbers in the 
parentheses represents the standard deviation. 
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C(1)-N(1)-C(3)-C(4) -161.81(12) 
C(2)-N(1)-C(3)-C(4) 74.16(15) 
N(1)-C(3)-C(4)-C(5) 72.08(16) 
C(3)-C(4)-C(5)-C(6) -83.15(16) 
C(8)-N(2)-C(6)-C(5) 77.08(16) 
C(7)-N(2)-C(6)-C(5) -160.23(13) 
C(4)-C(5)-C(6)-N(2) 66.40(17) 
O(3')-S(1)-C(1')-F(2') -56.89(12) 
O(2')-S(1)-C(1')-F(2') 63.35(12) 
O(1')-S(1)-C(1')-F(2') -176.75(11) 
O(3')-S(1)-C(1')-F(1') -176.79(11) 
O(2')-S(1)-C(1')-F(1') -56.55(13) 
O(1')-S(1)-C(1')-F(1') 63.35(13) 
O(3')-S(1)-C(1')-F(3') 63.24(13) 
O(2')-S(1)-C(1')-F(3') -176.52(12) 
O(1')-S(1)-C(1')-F(3') -56.62(13) 
________________________________________________________________ 
Table 3.18: Torsion angles [degrees] for N,N,N’,N’-tetramethylpurescinium monotriflate.  
The numbers in the parentheses represents the standard deviation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



   

87 
 

 
 

CHAPTER IV 

 

 

 

PROTON AFFINITY AND POTENTIAL ENERGY 

SURFACE 

CALCULATIONS OF PROTON-BRIDGED 

DIAMINES 



   

88 
 

General 

Optimized energies of N,N,N’,N’-tetramethylputrescine cation and its homologues 

were calculated by means of the  Gaussian 98 and Gaussian 03 program suites1 set at 

three levels of theory: Hartree-Fock (RHF), DFT , MP2  using the 6-31G** and 6-

31++G** basis sets (in addition to a Hartree Fock calculation using the 6-311G** basis 

set).  The calculated optimized geometry of this dimaine agrees well with the X-ray  

diffraction study results. 

In all three levels of calculation the equilibrium geometry of protonated N,N,N’,N’-

tetramethylputrescine has C1 symmetry, while the transition state for proton transit was 

constrained to C2 symmetry.  There is one imaginary frequency in the transition state, 

along the normal coordinate connecting the wells of the double minimum potential.  

Intermediate geometries were optimized by moving the proton along the NHN bond and 

keeping the N1H distance, r fixed (Scheme 4.1).  

 

 

 

 

 

 

 
 
Scheme 4.1: DFT (6-31G**) optimized geometry of N,N,N’,N’-
tetramethylputrescinium in its equilibrium (left) and transition state geometry (right).  
The transition state adapts a C2 symmetry.  

 

r          R           
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In the MP2 calculations the corresponding energy was calculated both with and 

without the spin-component scaled (SCS) correction. The SCS corrected MP2 differs 

from the default MP2 in the contribution of corrections for spin states (αα, αβ and ββ).  

The MP2 (SCS) corrected energy only includes [(3/5) αα + (1/3) αβ + (3/5) ββ], whereas 

the default MP2 energy includes [αα+ αβ+ ββ] spin contributions weighted equally.2 

 

I.  Validation and Purpose of Calculation 
 

A. Thermochemistry 
  

1. Basicity of Mono and Diamines in the Gas Phase and Solution   
 

Proton affinity is the enthalpy of deprotonation of an acid to yield the conjugate 

base (ΔH).  Gas phase basicity is the Gibbs free energy of deprotonation of an acid to 

yield the conjugate base (ΔG).  As shown in Table 4.13-4,7-9, putrescine has a proton 

affinity 83 kJ/mol greater than that of n-butylamine.  Cadaverine has a proton affinity 75 

kJ/mol greater than that of n-pentylamine.  N,N,N’,N’-tetramethylputrescine  has a 

proton affinity 75 kJ/mol greater than that of its monoamine analogue and about 42 

kJ/mol greater than putrescine .  The proton affinity of diamines is much greater than 

their corresponding monoamines due to formation of stable, cyclic conjugate acid ion 

upon protonation.  Tertiary diamines are even more basic than primary amines due to the 

electron donating nature of methyl groups.  In the case of 1,8-bis(dimethylamino) 

naphthalene (DMAN)  and its primary amine analogue, the proton affinity difference is 

about 83 kJ/mol. This large difference in basicity arises because DMAN is strained and 

relief of strain occurs upon protonation.  Putrescine has a greater proton affinity than does 
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cis-1,5-diaminocyclooctane, but the latter has a greater gas phase basicity because the 

entropy of its protonation is less unfavorable. 

These differences are greatly attenuated in aqueous solution.  Protonation of 

cadaverine in water is only 1 kJ/mol more exothermic than that of n-pentylamine.5 

Experimentally, the conjugate acid of n-pentylamine has a Ka that is a factor of 10 greater 

than that of monoprotonated cadaverine; in other words, the interaction of the amino 

groups makes protonation of the diamine in water more entropically favorable than 

protonation of a monoamine.4  
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Table 4.1: Proton affinity, gas phase basicity and pKa values for the series of mono and 
diamines drawn above. 

 
2. Proton Affinity Calculactions for N,N,N’,N’-Tetramethylputrescine 

(TMP) and Cis-1,5-diaminocyclooctane (DACO):  
 

  Gas phase proton affinity and basicity of cis-1,5-diaminocyclooctane (DACO) were 

measured by the “extended kinetic method” reported by Poutsma et al in 2003.4   In an 

effort to find the best calculational method to predict the proton affinities of diamines, the 

proton affinity of cis-1,5-diaminocyclooctane and N,N,N’,N’-tetramethylputrescine 

(TMP) have been calculated at DFT and MP2 levels of theory.  Calculated differences in 

electronic energy (Eel) need to be corrected by the following terms: 

a. Vibrational zero point energy difference (∆ZPE) for B + H+ → BH+ .  In the case 

of TMP, ∆ZPE is 44.1 kJ/mol and in the case of DACO, ∆ZPE is 59.3 kJ/mol. 

b.   Basis set superposition error (BSSE) estimated by counterpoise (ghost orbitals 

from H+).  In the case of optimized DFT calculations the BSSE value is 2.73 kJ/mol for 

the TMP cation and 4.39 kJ/mol for the DACO cation.  In the case of optimized MP2 

calculations with SCS correction, the BSSE value is 9.64 kJ/mol for the TMP cation and 

compound ΔH= proton affinity 
(kJ/mol) 

ΔG= gas phase basicity 
(kJ/mol) 

pKa in H2O 

A 921.53 886.63 10.758 
B 923.53 889.53 10.818 
C 969.23 938.23  
D 1005.63 954.33 10.908 
E 999.63 946.23 11.088 
F 1046.33 992.73 10.809 
G 944.53 912.13 4.607 
H 1028.23 995.83 12.347 
I 1002.14 963.94  
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9.23  kJ/mol for the DACO cation.  In the optimized MP2 calculation withot SCS 

correction, the BSSE value is 17.89 kJ/mol for the TMP cation and 16.76 kJ/mol for the 

DACO cation. 

c.  Heat capacity difference between neutral base & conjugate acid ion (correction for 

anharmonicity to be discussed later) integrated from 0K to the temperature of 

interest.  This value is the same as the same as the difference in canonical energy, 

Δε.  The canonical energy for TMP and DACO cation is 25.1 kJ/mol and 17.8 

kJ/mol respectively. 

The gas phase proton affinity can be calculated according to the Equation shown below.  

Proton Affinity = [Eel (BaseH+) – Eel (Base)] + [ZPE (BaseH+) – ZPE (Base)] + Δε + 
BSSE  
  
 where ΔEel=electronic energy difference;  ZPE= zero point energy, Δε is the difference 

in heat capacities integrated from 0K,   and BSSE=basis set superimposition error 

(typically estimated using the counterpoise method).  Table 4.2 contains theoretical 

proton affinity values of N,N,N’,N’-tetramethylputrescine and cis-1,5-

diaminocyclooctane using the DFT, MP2 and MP2 spin-component scaled (SCS) 

calculations with and without BSSE. .  In the case of cis-1,5-diaminocyclooctane the 

single point MP2 calculations, with the SCS correction, give the value closest to the 

experimental proton affinity value (within 2 kJ/mol).  In the case of N,N,N’,N’-

tetramethylputrescine the optimized MP2 calculations with SCS correction and optimized 

DFT calculations gives a proton affinity value within 1.1 kJ/mol of the experimental 

proton affinity.    A single point MP2 calculation does not seem to a reliable method for 

assessing gas phase proton affinity. 
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  TMP 
 

DACO 

B3LYP/6-31G**//B3LYP/6-31G** 
 
 

1047.4 
 

1021.7 
 

B3LYP/6-31G**//B3LYP/6-31G** 
(BSSE correction) 
 

1044.7 1017.3 

MP2/6-31G**// B3LYP/6-31G**  
 
 

1094.2 
 

1017.6 
 

MP2/6-31G**// B3LYP/6-31G** 
(BSSE correction) 
 

1076.3 1001.0 

MP2/6-31G**// B3LYP/6-31G** (SCS 
correction) 
 
 

1073.8 
 

1003.7 
 

MP2/6-31G**// B3LYP/6-31G** 
(SCS and BSSE correction) 
 

1064.2 994.5 

MP2/6-31G**// MP2/6-31G** 
 

1069.1 
 

996.0 
 

MP2/6-31G**// MP2/6-31G** (BSSE correction) 
 

1051.1 979.2 

MP2/6-31G**// MP2/6-31G** (SCS correction) 1047.4 
 

1026.2 
 

MP2/6-31G**// MP2/6-31G** 
(SCS and BSSE correction) 
 

1037.6 1017.0 

Experimental Proton Affinity (kJ/mol) 
 

1046.3 1002.1 

 
Table 4.2: Calculated Proton Affinity values of N,N,N’,N’-tetramethylputrescine (TMP) 
and cis-1,5 diaminocyclooctane (DACO). 
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3. Predicting change in vibrational entropy (∆Svib) associated with proton 
transfer (often assumed to be zero) 

 
Fourier transform ion cyclotron resonance mass spectrometry can be used to study 

proton transfer reactions in the gas phase, which provide important information on acid–

base properties. Two experimental methods, the proton transfer equilibrium method and 

the kinetic method, can be used in FT-ICR-MS, as well as in other MS instruments in 

determining gas phase basicity.12 The great advantage of the kinetic method compared 

with the equilibrium method is that precise pressure measurements are unnecessary, 

nonvolatile biomolecules can be subjected to measurements as long as suitable sources of 

dimers are available, and stability or purity is not a concern. Nevertheless, it should 

always be remembered that the kinetic method operates under several assumptions.  

Many experiments (such as ICR equilibrium or bracketing studies) determine differences 

in gas phase basicity (ΔG).  But changes in vibrational entropy and heat capacity can be 

non-negligible.  The kinetic and equilibrium experiments provide separation into ∆H and 

∆S contributions.  Putrescine’s gas phase proton affinity and basicity have been 

determined by both equilibrium measurements13 and the kinetic method (Table 4.1)4, 

which give the same values within experimental error. 

As discussed in Chapter I, harmonic estimates of zero point energy differences, 

vibrational entropies, and heat contents can be seriously in error.  Understanding (and 

being able to predict) anharmonicity is therefore important in being better able to account 

for gas phase proton affinity and the difference between it and gas phase basicity.  
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B. Structure   

The X-ray structure of N,N,N’,N’-tetramethylputrescinium monotriflate confirms 

that the extended chain of N,N,N’,N’-tetramethylputrescine cyclizes upon protonation 

with triflic acid to form a strong hydrogen bond.  Table 4.3 compares the calculated 

structural data for the NHN bond in an isolated ion with the X-ray diffraction data for the 

triflic acid salt of N,N,N’,N’-tetramethylputrescine .   

  
N1H (Å) 

 
 

 
N2H (Å) 

 
N1N2 (Å) 

 
N1HN2 

N,N,N’,N’-
tetramethylputrescine 

cationa 
 

 
1.113 

 
1.604 

 
2.709 

 
171o 

N,N,N’,N’-
tetramethylputrescinium 

monotriflateb 

 
0.86 
0.90 

 

 
1.80 
1.76 

 
2.659 
2.659 

 
176 o 
171 o 

 
Table 4.3: Bond length and bond angle data on NHN bond of (a) DFT optimized 
geometry at 6-31G** level of the naked cation (b) X-ray data of the triflate salt of 
N,N,N’,N’-tetramethylputrescine, solved assuming unequalled bond lengths.  The two 
sets of values reflect the disorder. 

 

In the X-ray structure of this salt, the best-fit solution of the diffraction pattern 

places the proton 30% on one nitrogen atom and 70% on the other nitrogen atom.  In both 

cases the NN distance is the same and the NHN angle is almost linear.  Since solving the 

X-ray pattern to obtain hydrogen positions is highly model-dependent, it does not 

represent a reliable way to find the position of the proton between the diamines. An 

alternative method -- 15N natural abundance NH dipolar coupling measures by the solid 
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state NMR experiment outlined below -- was done to find the position of the proton 

bridged diamine.  As described later in this chapter, calculations provide a method for 

finding the zero point energy wavefunction for an anharmonic potential, which in turn 

agrees with the solid state NMR results.  There are two conventions for describing 

distances of strong hydrogen bonds as summarized below 

1. N-N distance = R, shorter NH distance = r  

2. Longer N-H distance = R, shorter N-H distance = r (used here in this thesis to 

simplify the algebra for describing symmetry coordinates).  The distance of the 

bridging proton from N-N line of centers, d = r sin φ. (Scheme 4.2), will be 

used to gauge the degree of couple expected between stretching and bending 

modes. 

 

 

Scheme 4.2: Representation of a triatomic model NHN portraying the coupling 
between stretch and bending mode. 
 

C.  Anharmonic Vibrations  
 

According to harmonic normal mode Gaussian calculations, the NHN asymmetric 

stretch in N,N,N’,N’-tetramethylputrescinium should occur around 2200 cm-1, a band 

position that is not seen by any of the spectroscopic methods (IR, Raman or Inelastic 

Neutron Scattering) used in this work.  The motion of the shared proton in this compound 

N

H

N
φ θr R d = r sin φ = R sin (180 - θ -φ)
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is anharmonic.  The transit of the shared proton in proton-bound dimer of ammonia 

(NH4
+…NH3), as well as in the Zundel ion (OH3

+…H2O), are also anharmonic and have 

been studied for years (discussed in chapter II).  Compare to harmonic normal mode 

calculations, anharmonic calculations predict a much lower frequency for the asymmetric 

stretch of the NHN bond in N,N,N’,N’-tetramethylputrescinium.  The NHN asymmetric 

stretch is predicted much more accurately by finding the double minimum potential 

energy surface for the transfer of proton between the nitrogen atoms and computing the 

energy levels for this motion.   

 
II. Vibrational calculations 

 

To study the transit of a shared proton between two hetero atoms, compounds with 

linear hydrogen bonds should be good candidates.  If the hydrogen bond is not close to 

linear, coupling between the asymmetric stretch and the bending modes makes the 

analysis much more difficult.  At the limit where that bond is linear, the vibrational 

Schrödinger Equation becomes much easier to solve, because it is straightforward to find 

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

The geometry of the proton-bound dimer of trimethylamine, (CH3)3NH+…N(CH3)3, is 

taken as a standard for comparison to the compounds studied in this thesis (Table 4.4).6  

The proton-bound dimer of trimethylamine has a linear NHN bond in its equilibrium and 

transitions state geometries, which means there is no coupling between the asymmetric 

stretch and the bending modes.   Monoprotonated tetramethyl-1,8-diaminonapthalene 

(known as Proton Sponge) has a bent NHN bond.  NMR experiments by Ohta and Perrin 
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indicate that the double well potential for the conjugate acid ion of Proton Sponge has a 

zero point level below the top of the barrier, even though the barrier height ΔEel is as low 

as 256 cm-1 (Table 4.4). Perhaps this is a consequence of its geometry and/or coupling 

with other motions, which prevent direct transit over that low central barrier.  In any 

event, bent NHN bonds represent a complicated dynamical problem. We take the 

approach of looking at aliphatic systems where the NHN angle is closer to linearity and 

the value of the distance d exhibits a smaller change in going from equilibrium geometry 

to transition state. 

Computation suggests that the aliphatic series N,N,N’,N’-

tetramethylputrescinium, N,N,N’,N’-tetramethylcadaverinium and N,N,N’,N’-

tetramethyl-1,6-hexanediaminium should provide  useful examples in studying the 

motion of the proton transfer, since the coupling between asymmetric stretch and bending 

mode is almost negligible (according to the d values in Table 4.5).  As discussed in 

chapter III, among the diamines studied to date, only the monoprotonated salt of 

N,N,N’,N’-tetramethylputrescine appears to resemble its geometry as a naked cation in 

the gas phase.  Therefore, consequences of strong hydrogen bonding in a proton-bridged 

diamine have been extensively studied by theory for this compound in the present chapter 

to compare with molecular spectroscopy and solid state NMR results presented later on. 
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a  Coupled to other vibrations to such an extent that no single frequency can be assigned 
 
Table 4.4: Tabulation of results for equilibrium (eq) and transition states (TS) for the 
trimethylamine proton-bound dimer (J), DMAN(K), and 1,8-
bis(dimethylamino)naphthalene-2,7-diol (L).  Distances in Å;  ∆Eel for transition states 
(cm-1) designates the height of the barrier for internal proton transit; νasym , νip and νoop 
correspond to the harmonic NHN asymmetric in-plane and out-of-plane bending 
frequencies.6 

 

 

 

 

 
Compounds 
 

 
NN 

 
r 

 
R 

 
d 

 
θ 

   
 ∆Eel 

       
νasym     

 
νip 

    
νoop 

 
J(eq,C3v) 
 

 
2.747 

 
1.115 

 
1.632 

 
0 

 
180º 

 
387 cm-1 

 
2022 

 
1670 

 
1670 

 
J (TS,D3) 
 

2.630 1.315 1.315 0 180º    

 
K(eq, Cs) 
 

2.620 1.112 1.554 0.242 158.9º 

276 cm-1 

2107 1661 a 

 
K(TS,C2v) 
 

2.549 1.292 1.292 0.210 161.2º 827i 1722 1836 

 
L(eq) 
 

2.689 1.102 1.605 0.153 166.5º 

362 cm-1 

2188 1682 a 

 
L(TS, C2) 
 

2.580 1.295 1.295 0.114 169.9º 882i 1713 1771 

(Me)2N N(Me)2
H+

(Me)2N N(Me)2
H+

HO OH

NMe3Me3NH+....

J LK
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n NN r R d Ө     ΔEel            νasym         νoop 
B3LYP/6-31G** 

        3(equil) 2.711 1.08 1.727 0.353 149.1° 44.8 kJ/mol 2558.2 1628.3 

3(TS, C2) 2.559 1.304 1.304 0.264 156.6° 652 cm-1 964.8i 1732.5 

4(equil) 2.709 1.113 1.604 0.105 170.8° 323 cm-1 2183.7 1656.6 
4(TS, C2) 2.607 1.306 1.306 0.082 172.8° 

 
865.8i 1730.5 

4(triflate) 2.85 1.064 1.85 0.306 153.9° 
 

2726.4 1603.1 
5(equil) 2.736 1.11 1.626 0.035 176.9° 57.2 kJ/mol 2070.3 1663.8 

5(TS, C2) 2.624 1.312 1.312 0.034 177° 424 cm-1 918.7i 1734.5 
6(equil) 2.882 1.081 1.813 0.125 190.6° 35.9 kJ/mol 2506.1 1616.3 

6(TS, C1) 2.719 1.355 1.357 0 180° 1394 cm-1 1192.6i 1712.5 
B3LYP/6-31++G**    

        4(equil) 2.717 1.109 1.616 0.106 170.7° 65.6 kJ/mol 
  4(TS, C2) 2.607 1.306 1.306 0.082 172.8° 375 cm-1 
  RHF/6-311G** 

        4(equil) 2.832 1.036 1.81 
     4(TS, C2) 1.288 1.288 2.572 
 

173.4° 2052 cm-1 
  MP2/6-31G** 

        4(equil) 2.64 1.13 1.57 0.094 171.7° 
   4(TS, C2) 2.577 1.291 1.291 0.08 172.9° 135 cm-1 

  MP2/6-31++G** 
        4(equil) 2.709 1.113 1.604 0.087 170.8° 83.9 kJ/mol 

  4(TS, C2) 2.607 1.306 1.306 0.075 172.8° 177 cm-1 
   

Table 4.5: Tabulation of results for equilibrium and transition states for the homologous 
series Me2N(CH2)nNMe2.  Distances in Å; ∆Eel for equilibrium geometries (kJ/mol) 
designates the change in electronic energy for monoprotonated fully extended linear 
diamines to isomerize to cyclic conjugate acid ions; ∆Eel for transition states (cm-1) 
designates the height of the barrier for internal proton transit; νasym and νoop correspond to 
the harmonic NHN asymmetric and out-of-plane bending frequencies.  Values of 
θ<180º indicate that the NHN bond is bowed outward, away from the hydrocarbon chain; 
values >180º indicate that the NHN bond is bowed inward, towards the hydrocarbon 
chain.   
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A. Gaussian Calculation Predictions  

Vibrational frequencies associated with the NHN bond of N,N,N’,N’-

tetramethylputrescine cation have been predicted by harmonic and anharmonic mode 

Gaussian calculations. There are four vibrations associated with the NHN bond: 

symmetric stretch, asymmetric stretch and in-plane and out-of-plane bending modes.  The 

predicted harmonic mode Gaussian vibrational frequency, Raman and IR intensities, 

reduced mass and force constants associated with NH+N hydrogen bond in the 

equilibrium geometry are summarized in Table 4.6.  

NHN 
Vibrations 

Frequency 
(cm-1) 

Reduced 
Mass 

(AMU) 

Force Constant 
(mDyne/Å) 

IR Intensity 
(KM/Mole) 

Raman 
Activity 

(Å4/AMU) 
In-plane 
Bending 1646.3 1.10 1.76 102.6 16.3 

Out-of- plane 
Bending 1656.9 1.10 1.78 15.8 3.8 

Symmetric 
stretch* 251.4 1.16 0.0431 2.7844 0.1343 

Asymmetric 
Stretch 2183.7 1.14 3.19 2293.6 1.3 

 
Table 4.6: Predicted harmonic normal mode Gaussian calculations of vibrational 
frequency,  reduced mass, force constant , IR and Raman intensities for the bending 
modes, symmetric stretch and asymmetric stretch of N,N,N’,N’-tetramethylputrescine 
cation. 
 

In harmonic calculations the oscillator strengths of vibrations seen by IR and 

Raman are predicted to be in the following order for the equilibrium geometry: NHN 

asymmetric stretch, in-plane bending mode, out-of-plane bending mode, and symmetric 

stretch.  Table 4.7 summarizes the vibrational frequencies for the bending modes, the 
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harmonic symmetric and asymmetric stretches, and the anharmonic frequency for these 

calculations.     

 

Table 4.7: Predicted Gaussian vibrational frequency for the bending modes, symmetric 
stretch and asymmetric stretch. EQ and TS stand for equilibrium and transition state 
geometry respectively.  
 

The symmetric stretch calculations do not greatly differ from each other except in 

the transition state geometry which predicts vs=566 cm-1.  Since the asymmetric stretch is 

anharmonic, the method of calculation greatly affects the outcome.  DFT normal mode 

harmonic calculations predict the NHN asymmetric stretch to be 2183 cm-1, while 

Gaussian anharmonic calculations which take coupling among normal modes into 

consideration give a much lower frequency of 980 cm-1.   DFT normal mode harmonic 

calculations on the tiflate salt predict the NHN asymmetric stretch for the bridging proton 

to be 2726 cm-1 versus 2021 cm-1 for the bridging deuterium.  The experimental value 

 Normal Modes 
Harmonic 

cation 
(EQ)             (TS)   

 
Anharmonic 

cation 

Harmonic 
(Ion Pair w/ Triflate) 

 
(NHN)              (NDN)          

 
in-plane 
bending 
(cm-1) 

 
1646            1734         

 
1639 

 
1459                 975 

 
out-of-plane 

bending 
(cm-1) 

 
 
1656           1749 

 
 

1598 

 
 
1603                 1052 

 
NHN asymmetric                      

(cm-1) 
 

 
2183    imaginary 

 
961 

 
2726                 2021 

NHN symmetric                      
(cm-1) 

 
132             566 

 
134 

 
160                    151 
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obtained by IR, Raman and INS reveals the asymmetric stretch to be at 488 cm-1.  Thus 

Gaussian method for taking anharmonicity into account does not seem to be reliable in 

determining anharmonic vibrations for double-well potentials.  

According to the IRMPD spectrum of N,N,N’,N’-tetramethylputrescinium (d20) 

(discussed in chapter V), one of the bending modes is around 1200 cm-1.  DFT harmonic 

vibrational calculations predict higher frequency of 1646 cm-1 and 1656 cm-1 for the 

bending modes.  The harmonic and anharmonic bending frequencies differ from each 

other by about 7 cm-1 in the case of in-plane and 58 cm-1 in the case of out-of-plane 

bending mode.  The shift for the in-plane and out-of-plane bending modes from the 

gaseous cation to the ion pair is Δνip=187cm-1 and Δνop=53cm-1 respectively.  The 

bending modes in the triflate salt could have a much lower frequency than in the gaseous 

cation.  According to DFT calculations, when the bridging proton is replaced with 

deuterium the in-plane and out-of plane bending mode shifts to 975 cm-1 and 1052 cm-1 

respectively.  The isotopic ratio (ISR) for the bending mode is about 1.5, which means 

the Gaussian calculations did not only consider the reduced mass of proton in calculating 

the bending vibrations.   

When the X-ray structure geometry of N,N,N’,N’-tetramethylputrescinium 

monotriflate  was used as input for a DFT optimization with 6-31G** basis set, the NN 

distance stretches by about 0.1Å and the triflate anion moves closer to the cation by about 

1Å. The NHN bond angle becomes 154o.  The vibrational frequency results of this neutral 

complex of cation and anion are shown in Table 4.7. 
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III. Triatomic Model NHN 

As shown in Scheme 4.1, in this triatomic model, (N1
…H+…..N2), the distance 

between N1H and N2H are r and R, respectively, and the N1HN2 angle is θ.  In this thesis, 

it is assumed that the relationship between internal coordinates (r, R) and symmetry 

coordinates (S1, S2) is S1= (r+R) /√2 and S2= (R-r) / √2.  An alternative convention 

assigns the symmetry coordinates as S1= (r+R) and S2= (R-r), with a corresponding 

change in reduced mass. The calculated N1HN2 angle for the equilibrium geometry of 

protonated tetramethylputrescine is almost linear, θ = 171°.  

A.  NHN Asymmetric Stretch  

1)  Method 

a.  Potential Energy Surfaces (PESs):  The one dimensional potential 

energy surfaces are plotted as electronic energy (V in kJ/mol) versus the 

asymmetric stretch coordinate S2 (Å) as shown in Figure 4.1.  The quartic-

quadratic expressions for these potential energy surfaces are given below.  

The data points that make up theses PESs are shown in table 4.8, entries a-

m for the DFT level, entries n-q for MP2 level and entries r-t for Hartree-

Fock level of calculation. 

B3LYP /6-31G**// B3LYP/6-31G**                 V= 298 S2^4 - 68 S2^2 

MP2/6-31G**// MP2/6-31G**                           V= 327 S2^4 - 47 S2^2 

MP2/6-31G**// MP2/6-31G** (SCS)                V= 447 S2^4 - 134 S2^2 

 RHF/6-311G** // RHF/6-311G**                        V=305 S2^4 - 174 S2^2 
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Figure 4.1: One-dimensional Potential Energy Surfaces for the transfer of proton 
between the two nitrogen atoms at different level of theory: (a) Hartree Fock (b) MP2 (c) 
MP2 with SCS correction and (d) DFT. The first two energy levels are shown in solid 
lines.  The ZPE wavefunctions are shown as dashed red lines. 

 

 

 

 

 

 

 

optimized NN distance =2.65 Å
average NH distance =1.283 Å

optimized NN distance =2.83 Å
average NH distance =1.255 Å

336cm-1

135cm-1

300cm-1

603cm-1

836 cm-1

(b) MP2/6-31G**// MP2/6-31G** 

2052cm-1

(a) RHF/6-311G** // RHF/6-311G** 

908cm-1

-

(c) MP2/6-31G**// MP2/6-31G** 
with spin scaled component correction

optimized NN distance =2.65 Å
average NH distance =1.256 Å

323cm-1

(d) B3LYP/6-31G**// B3LYP/6-31G** 

optimized NN distance =2.71 Å
average NH distance =1.302 Å

42cm-1
639cm-1

448cm-1

331cm-1
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b. Energy Levels:  The energy levels for the quartic-quadratic PESs were 

calculated by solving the one-dimensional Schrödinger Equation for 

Equation 4.1 in term of the asymmetric stretch, S2, using the Mathematica 

6.0 program with a set of 30 basis functions, as shown in Appendix 4.1. 

E (Ψ)= (- ħ2/2m2) (∂2Ψ/∂S2
2)  + V(Ψ)            (4.1) 

Appendix 4.1 consists of a script written by Dr. Leonard Mueller from 

UCR in Mathematica format to find wave functions and energy levels of a 

one dimensional PES. The average value of S2 is zero for a potential that 

contains only even functions, but the root mean square value (RMS, which 

corresponds to the mean deviation of the proton from the center) can be 

calculated from Equation 4.2. 

                  RMS=√∫Ψ1(S2)
2Ψ*

1                                                           (4.2) 

                           Ψ1 corresponds to the ZPE wavefunction.    

c.  Average Dipolar Coupling (D15N-H):  The NH average dipolar coupling 

can be extracted from the ZPE wavefunction according to  Equation 4.3. 

D15N-H= 12158 ∫Ψ( 1/r3 ) Ψ*dr [Hz]     (4.3)  

      Hence, the NH distance can be calculated form Equation 4.4. 

NH distance , r = [(D15N-H) ^ (-1/3)] / 12158      (4.4) 
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      2)  Results  

a. Potential Energy Surface, Energy Levels and Average Dipolar 

coupling:  

i. B3LYP/6-31G**// B3LYP/6-31G**:  The DFT optimized calculation 

with polarization functions added to heavy and light atoms is a double 

well potential with a barrier height of 3.81 kJ/mol (323cm-1), as shown 

in Figure 4.1.  The first five energy levels were calculated to be 360.8, 

838.6, 1788.08, 2884.3, 4137.3 cm-1.  The ZPE is just above the 

central barrier, and the first vibrational transition has a predicted 

frequency of v= 478 cm-1.  The most probable position for the proton 

according to its ZPE wave function is at the midpoint between the two 

nitrogen atoms.  The root mean square deviation for the ZPE level is 

0.26Å, which means that the proton experiences large amplitude 

motion even in its lowest vibrational level.  The first vibration for a 

bridging D is 348 cm-1 which gives an isotopic ratio of 1.37.  The 

average NH distance for this potential based on the expectation value 

<1/r3> (Equations 4.4), the dipolar coupling expression, is calculated 

to be 1.302 Å.  

ii.  MP2/6-31G**//MP2/6-31G**:  MP2 geometry optimization with 

polarization functions added to heavy and light atoms without any SCS 

correction predict a small barrier of 130 cm-1 with the ZPE above the 

barrier. The first vibrational transition is 639 cm-1. The most probable 
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position for the proton according to its ZPE wave function lies at the 

midpoint between the two nitrogen atoms.  The average NH distance 

based on the expectation value <1/r3> (Equations  4.4)  for this 

potential is calculated to be 1.283 Å. Optimized MP2 calculations with 

SCS correction predict a much larger barrier of 835 cm-1 with the ZPE 

below the barrier. The first vibrational transition is 331 cm-1.  The ZPE 

wave function shows some interaction between the protonated and 

unprotonated nitrogen but does not place the proton exactly in the 

middle of nitrogen atoms.  The average NH distance based on the 

expectation value <1/r3> (Equation 4.4) for this potential is calculated 

to be 1.256 Å. 

iii. RHF/6-311G**// RHF/6-311G**:  The optimized Hartree-Fock 

geometry with a triple zeta valence shell using polarization functions 

added to heavy and light atoms calculations predict a very large barrier 

of 2052 cm-1 with the first two energy levels well below the barrier.  

The ZPE wavefunction predicts a scenario in which the proton is either 

on one nitrogen or the other.  The average NH distance from Equation 

4.4 for this potential is calculated to be 1.255 Å.  

iv. B3LYP/6-31G*// B3LYP /6-31G*:  DFT geometry optimization with 

polarization function added to only the heavy atoms predict a barrier 

of 505 cm-1 with the first energy level below the barrier by 74 cm-1.  

The first vibrational transition is 376 cm-1. The ZPE wavefuntion 
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places the proton between the nitrogen atoms. The average NH 

distance for this potential is calculated to be 1.301 Å.   

v. B3LYP /6-31+G*// B3LYP/6-31+G*: DFT geometry optimization 

with polarization and diffuse function added to only heavy atoms 

predict a barrier of 556 cm-1 with the first energy level below the 

barrier by 103 cm-1.  The first vibrational transition is 356 cm-1. The 

ZPE wavefunction nevertheless still places the most probable position 

of the proton at the midpoint between the two nitrogen atoms. The 

average NH distance from Equation 4.4 for this potential is calculated 

to be 1.314 Å.  

vi. B3LYP/6-31++G**//B3LYP/6-31++G**: DFT geometry 

optimization with both polarization and diffuse functions added to 

heavy and light atoms predict a barrier of 375 cm-1 with the first 

energy level just above the barrier by 2 cm-1.  The first vibrational 

transition is 445 cm-1. The ZPE wavefunction places the most probable 

position of the proton at the midpoint between the two nitrogen atoms. 

The average NH distance from Equation 4.4 for this potential is 

calculated to be 1.309 Å.   

 
vii. MP2/6-31++G**// MP2/6-31++G**: MP2 geometry optimization 

with polarization and diffuse functions added to heavy and light atoms 

predict a small barrier of 177 cm-1 with the first energy level above the 

barrier by 111 cm-1.  The first vibrational transition is 534 cm-1. The 
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ZPE wavefuntion places the most probable position of the proton at 

the midpoint between the two nitrogen atoms. The average NH 

distance from Equation 4.4 for this potential is calculated to be 1.306 

Å.   

In summary, predicted values for the N-H distance  range from 1.41 Å when the 

barrier is much higher than the zero point level  (as in the RHF potential) to 1.32 Å when 

the barrier is much lower (as in the MP2 potential without spin component scaled 

corrections). Inclusion of diffuse functions in the basis set does not substantially affect 

either the equilibrium geometry or the barrier height. Correction of the energies of 

MP2/6-31G** optimized geometries for spin components (SCS) gives an energy barrier 

between the two extremes, in which only the zero point level lies below the barrier top. 

 When the barrier is about 1 kcal/mol, the first vibrational transition is 445-448 

cm-1. When the barrier is lower (as in MP2 calculations) the first vibrational transition is 

639 cm-1.  When the barrier is much higher, the first vibrational transition is 42 cm-1. As 

will be presented below, of the curves illustrated in Figure 4.1 and 4.2, the B3LYP 

potentials give the best fit to the vibrational and solid state NMR experimental data.  A 2-

dimensional and a 4-dimensional potential surface for motion of the bridging proton were 

constructed using B3LYP/6-31G** points for the symmetric and asymmetric stretching 

motions for the 2D PES plus the B3LYP/6-31G** harmonic potentials for the in-plane 

and out-of-plane NHN bends from DFT normal modes for the 4D PES.  
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Figure 4.2: One-dimensional Potential Energy Surfaces for the transfer of proton 
between the two nitrogen atoms at different level of theory: (e) DFT with 6-31G* basis 
set (f) DFT with 6-31++G** basis set (g) DFT with 6-31+G* basis set and (d) MP2 with 
6-31++G** basis set. The first two energy levels are shown in solid lines.  The ZPE wave 
functions are shown in dashed red lines. 
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B) NHN Symmetric Stretch 

1. Methods 

a. Potential Energy Surface (PES):  The symmetric and asymmetric NHN 

stretches are coupled with each other, because the nitrogen atoms move 

closer to each other by approximately 0.1 Å going from equilibrium to the 

transition state geometry.  In order to find the potential energy surface for 

the movement of nitrogen atoms towards and away from one another, r 

and R were stretched and contracted symmetrically by about 0.03 Å with 

both r and R kept fixed for each geometry optimization. Entries aa-af of 

Table 4.8 consist of geometries with the NN distance stretched 

symmetrically away from proton and entries ag-al of Table 4.9 consist of 

geometries that have their NN distance contracted symmetrically toward 

the proton.  The single well potential energy surfaces along the symmetric 

stretch are shown in Figures 4.3 A-C for the data points in Table 4.8, 4.9 

and 4.10 (a-m).   The double well potential energy surfaces along the 

asymmetric stretch for the same data points are shown in Figure 4.4. 
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Entry r (Å) R (Å) E (a.u) NN Distance (Å) S1(Å) S2(Å) 
aa   1.12 1.67 -426.815100 2.79 1.97 0.39 
ab 1.16 1.60 -426.814718 2.76 1.95 0.31 
ac 1.05 1.78 -426.814334 2.83 2.00 0.52 
ad 1.20 1.53 -426.814217 2.73 1.93 0.23 
ae   1.33 1.33 -426.813751 2.66 1.88 0.00 
af 1.03 1.82 -426.813415 2.85 2.02 0.56 
Table 4.8: N1H ,N2H, NN distances and their corresponding DFT optimized energy 
(B3LYP/6-31G**// B3LYP/6-31G**) for stretched NN distances. 
 
Entry r (Å) R (Å) E (a.u) NN Distance (Å) S1(Å) S2(Å) 
ag 1.17 1.42 -426.814632 2.59 1.83 0.18 
ah 1.07 1.61 -426.814891 2.68 1.90 0.38 
ai 1.08 1.57 -426.815124 2.65 1.87 0.35 
aj 1.14 1.47 -426.815014 2.61 1.85 0.23 
ak 1.04 1.62 -426.813586 2.66 1.88 0.41 
al 1.27 1.27 -426.813287 2.54 1.80 0.00 
       
Table 4.9: N1H ,N2H, NN distances and their corresponding DFT optimized energy 
(B3LYP/6-31G**// B3LYP/6-31G**) for contracted NN distances. 
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Entry r (Å) R (Å) E (a.u) NN Distance (Å) S1(Å) S2(Å) 
a 1.11 1.60 -426.815680 2.71 1.92 0.35 
b 1.13 1.57 -426.815674 2.70 1.91 0.31 
c 1.09 1.64 -426.815600 2.73 1.93 0.39 
d 1.17 1.50 -426.815305 2.67 1.89 0.23 
e 1.07 1.68 -426.815259 2.75 1.94 0.43 
f 1.20 1.45 -426.814942 2.65 1.87 0.18 
g 1.05 1.71 -426.814627 2.76 1.95 0.47 
h 1.26 1.36 -426.814368 2.62 1.85 0.07 
i 1.29 1.32 -426.814244 2.61 1.85 0.02 
j 1.04 1.73 -426.814179 2.77 1.96 0.49 
k 1.31 1.31 -426.814178 2.62 1.85 0.00 
l 1.02 1.76 -426.812966 2.78 1.97 0.52 
m 1.00 1.79 -426.811256 2.79 1.97 0.56 

 

Entry r(Å) R(Å) SCS E (a.u) E (a.u) NN distance S2(Å) 
n 1.113 1.54 424.490164 425.41389 2.65 0.3 
o 1.13 1.51 424.489714 425.41394 2.64 0.27 
p 1.17 1.45 424.488687 425.41379 2.62 0.2 
q 1.291 1.291 424.486924 425.4133 2.58 0 
r 1.05 1.65 424.490589 425.41248 2.70 0.42 
 
 
Entry r(Å) R(Å) E (a.u) NN distance S2(Å) 
s 1.036 1.81 -423.965589 2.85 0.55 
t 1.29 1.29 -423.956237 2.58 0 
u 0.98 1.9 -423.963477 2.88 0.65 

 

 

Table 4.10: Data points that make up the asymmetric potential energy surface entries (a-
m) correspond to optimized DFT level of calculations, entries (n-r) correspond to MP2 
level of calculations and entries (s-u) correspond to Hartree-Fock level of calculations.  
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Figure 4.3:  Potential Energy Surfaces along the symmetric stretch, S1 (Å) of (A) 
data points from (a-m), (B) data points from Table 4.8 and (C) data points from Table 
4.9.  

 

 

                                                     S2 (Å) 

 
Figure 4.4:  Asymmetric Potential Energy Surfaces plotted along the asymmetric stretch 
S2 (Å) in the x-axis and V(kJ/mol) in the y-axis. (A) data points from Table 4.10(a-m), 
(B) data points from Table 4.8 and (C) data points from Table 4.9.  

(C): y = 303.6x4 - 70.9x2
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R² = 0.949
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C.  Two Dimensional PES: Asymmetric and Symmetric Stretch 

1) Method 

a. Potential Energy Surfaces:  The two dimensional PES can be expressed 

in terms of the internal coordinates as shown in Equation 4.5.  

               2V = a (r4+R4) + b (r3R+R3r) + d (r2+R2) + c (r2R2) + e rR      (4.5) 

The coefficients a, b, c, d and e for this quartic-quadratic surface were 

found by using the LINEST function of the Excel program.  This function 

calculates the statistics for a line by using the "least squares" method to 

calculate a straight line that best fits the data, and then returns an array that 

describes the line.   

The 2D potential can also be written in terms of symmetry coordinates, S1 

and S2 as demonstrated below: 

                  2V= p S1
4 + q S2

4 + t S1
2 + w S2

2 + v S1
2 S2

2 

In which, 

                   p= (2a+2b+c)/4  

                   q= (2a-2b+c)/4 

                   t= (2d+e)/2  

                  w= (2d-e)/2     

                   v= (6a-c)/2.      

According to this method the best fit for the data points in table 4.8 entries 

a-m, table 4.9 and table 4.10 that make up the two-dimensional PES of 

N,N,N’,N’-tetramethylputrescinium is: 
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                  2V (kJ/mol) = 0.76515 S1
4  + 122.3685S2

4  - 4.12818 S1
2 - 45.9184 S2

2 +   

                  3.2942 S1
2 S2

2 

This 2D potential energy surface is shown in Figure 4.5.  According to 

this fit, the two minima of this 2D potential are placed too far away from 

each other, which implies this is not a reliable method in determining the 

best fit to the data points that make up the two dimensional potential 

energy surface. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.5: Two Dimensional Potential Energy Surface of NHN symmetric and  
 asymmetric stretch in N,N,N’,N’-tetramethylputrescinium (the fit obtained by 
 LINEST  program). 
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To rely on a better method of finding the best fit for the symmetric and 

asymmetric stretch potential energy surface, the Stat 60 script written by 

Dr. Leonard J. Mueller was used.  The best fit Equation for the two-

dimensional PES according to this program is: 

                        V (kJ/mol) = 867.9 -141.8 S1
2+5.8 S1

4+271.2 S2
2-24.0 S1

2 S2
2+81.9 S2

4-  
                        0.175 S1

4 S2
4
 

This 2D potential energy surface is the correct 2D PES and is shown in 

Figure 4.6.  
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Figure 4.6: Two Dimensional Potential Energy Surface of NHN symmetric and 
asymmetric stretch in N,N,N’,N’-tetramethylputrescinium (the fit obtained by STAT 60 
program). The wavefunctions are shown in solid black line.  The green lines show the S1 
and S2 coordiantes. 

 

 

 

 



   

120 
 

b. Energy Levels and Dipolar Coupling:  The energy levels for the 2D 

potential energy surface for symmetric and asymmetric stretches can be 

solved by finding the wave function of the Schrödinger Equation for 

Equation 4.6.   

E (Ψ)= (- ħ2/2m1) (∂2Ψ/∂S1
2)  + (- ħ2/2m2) (∂2Ψ/∂S2

2)  + V(Ψ)         (4.6) 

The dipolar coupling can be calculated according to Equations 4.3.  The 

Mathematica 6.0 Notebook for solution of energy levels and dipolar 

coupling of a two dimensional potential energy surface is shown in 

Appendix 4.2. 

 

2) Results 

a. Barrier Height, Energy Levels, and Dipolar Coupling 

 The DFT calculated one-dimensional PES at B3LYP/6-31G** 

level predicts a barrier height of 323cm-1.  A direct cut (green line in 

Figure 4.6) across the S2 coordinate predicts a 755cm-1 barrier height.  

The barrier height just underneath the maximum of the zero point 

wavefunction is 426 cm-1.  Apart from the 1D barrier, there is no rigorous 

way to describe the effective barrier on the 2D PES.   

 The expectation value for the N-N distance <r+R>, has a value of 

2.655 Å, in good agreement with the X-ray value.   The predicted 

expectation value <1/r3> corresponds to an average NH distance of 1.30Å, 

while <r> has value of 1.327 Å.  These theoretical predictions agree well 
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with the experimental average NH distance inferred from the value of the 

D15N-H. 

 Figure 4.7 shows the barrier height for a straight cut along the S2 

coordinate from minimum to minimum which gives a barrier height of 755 

cm-1, as compared to the ZPE of 799 cm-1.  The 2D PES predicts the first 

vibrational transition for the asymmetric stretch to be v= 543 cm-1 in the 

gas phase.  The zero point energy wavefunction has zero nodes, and the 

first vibrational level wavefunction has one node (Figure 4.7).  The first 

vibrational transition for the asymmetric stretch of a bridging D in the gas 

phase is predicted to be v= 288 cm-1 (Figure 4.8), which predicts an 

isotopic ratio of 1.88. 

 
Figure 4.7:  The NHN asymmetric stretch part of the 2D PES.  The 
wavefunctions are shown in the dashed line. 
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Figure 4.8: The NDN asymmetric stretch part of 2D PES.  The 
wavefunctions are shown in the dashed line. 
 

 The 2D PES predicts the first vibrational transition for the 

symmetric stretch to be v= 534 cm-1 in the gas phase.  The zero point 

energy wavefunction has zero nodes and the first vibrational level 

wavefunction has one node (Figure 4.9).  The first vibrational transition 

for the symmetric stretch of a bridging D in the gas phase is predicted to 

be v= 466 cm-1 (Figure 4.10). 
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Figure 4.9: The NHN symmetric stretch part of the 2D PES. The 
wavefunctions are shown in the dashed line. 
 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: The NDN symmetric stretch part of the 2D PES. The 
wavefunctions are shown in the dashed line. 

Symmetric Stretch

466 cm-1
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 Figure 4.11 depicts the wavefunctions for the first and second 

energy levels of the symmetric and the asymmetric stretch and the first 

combination band for the symmetric plus the asymmetric stretch. The 

Δv=2 transitions for the symmetric and asymmetric stretch are 1015cm-1 

and 2018 cm-1, respectively.  The first combination band is at 1028cm-1 

(Δv=1 for both vibrations). 

 

Figure 4.11: The 2D PES wavefunctions of (A) v=1 for the symmetric 
stretch; (B) v=1 for the asymmetric stretch (C) first symmetric and 
asymmetric combination band (v=1 for both vibrations); (D) v=2 for the 
symmetric stretch; and (E) v=2 for the asymmetric stretch.   
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The following section describes the deviation of the appropriate reduced 

masses to be used for anharmonic potentials. 

Solution to reduced mass for symmetric and asymmetric stretch: As 

shown in Table 4.10, nitrogen atoms move towards each other by about 

0.102 Ǻ going from the EQ to TS geometry, which means the reduced 

mass for the motion of the proton is only slightly affected by the 

movement of the nitrogens and the carbon skeleton.  To solve (4.1 and 4.6, 

the appropriate reduced mass has to be determined.  The solution to the 

reduced mass for symmetry coordinates S1 and S2  is demonstrated in the 

following paragraphs.   

Kinetic energy can be expressed in terms of momentum pi and the solution 

to the G matrix10, gij as shown in Equation 4.7.  G matrix elements have 

units of inverse mass. 

KE = ∑ ½ Pi gij Pj                                                                                                         (4.7) 

In our linear tri-atomic model, kinetic energy is written as follows: 

KE = ½ (Pr grr Pr+ Pr grR PR+ PR gRR PR+ PR gRr Pr),                    (4.8) 

Where, Pr is the momentum between the N1H bond and PR is the 

momentum between the N2H bond.   

Pr=-i ħ∂/∂r                                                                                    (4.9) 
 
PR=-i ħ∂/∂R                                                                                       (4.10) 

 
                         ∂/∂r = (∂S1/∂r) ( ∂/∂S1) + (∂S2/∂r) ( ∂/∂S2) =  
                         (1/√2) ( ∂/∂S1) - (1/√2) (   ∂/∂S2)                                                     (4.11) 
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                         ∂/∂R = (∂S1/∂R) ( ∂/∂S1) + (∂S2/∂R) ( ∂/∂S2) =  
                         (1/√2) ( ∂/∂S1) + (1/√2) ( ∂/∂S2)                                                       (4.12) 

                 grr , gRR represent solutions to the G-matrix for an effective mass between 

                    N1H and N2H. grR and gRr  are the solutions to the G-matrix for an  

                    effective mass between N1N2 and N2N1respectively.   

grr = gRR = (1/MH+1/MN)                                                                 (4.13) 

grR = grR =(1/MH)cosθ= -1/ MH                                                        (4.14) 

                     By substituting (4.11) in (4.9) and (4.12) in (4.10) we get the following: 

Pr = (-i ħ/√2) (∂/∂S1- ∂/∂S2)                                                               (4.15) 

PR=(-i ħ/√2)(∂/∂S1+ ∂/∂S2)                                                                (4.16) 

Now the kinetic energy can be expressed in terms of symmetry 

coordinates and the effective mass by substituting (4.13), (4.14), (4.15) 

and (4.16) into (4.8). 

                        KE = (- ħ2/2) [ (∂2/∂S1
2 + ∂2/∂S2

2 - 2∂2/∂S1∂S2) (1/MH +1/MN) + (∂2/∂S1
2 +   

                        ∂2/∂S2
2 + 2∂2/∂S1∂/∂S2) (1/MH + 1/MN) + (∂2/∂S1

2 - ∂2/∂S2
2) (-1/MH) +  

                       (∂2/∂S1
2 - ∂2/∂S2

2) (-1/MH) ]                                                              (4.17) 

The reduced mass for each symmetry coordinate can be found by 

separating S1 and S2 terms.  

KE = (- ħ2/2) [ (∂2/∂S1
2) (1/MN) + (∂2/∂S2

2) (2/MH+1/MN) ]           (4.18) 

To find the energy levels for the two-dimensional PES (symmetric and 

asymmetric stretch), it is assumed that the wave functions associated with 

the symmetric and asymmetric stretch are separable and that they are 
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orthogonal.  The two dimensional Schrödinger Equation in terms of S2 and 

S1 is: 

E (Ψ)= (-ħ2/2m1) (∂2Ψ/∂S1
2)  + (-ħ2/2m2) (∂2Ψ/∂S2

2)  + V(Ψ), where m1= 

14 and m2=14/29. 

If we had used the convention S1= (r+R)  and S2= (R-r), the reduced 

masses would have been m1=7 and m2=7/29.   

b. Bending Modes: 

i.  Potential Energy Surface for in- and out-of-plane bending modes: 

If the out-of-plane bending mode is assumed to be harmonic, its 

potential energy is V = ½k X2.  The force constant k can be found from 

Equation 4.19 by replacing the reduced mass (which is the mass of the 

proton) in the expression for the vibrational frequency of the out-of-

plane bending mode.  

     √(k/m) = 2πv           (4.19)  

The in-plane bending mode is assumed to be a Morse potential, since 

the proton moves towards the triflate anion.  Since Morse and harmonic 

potentials are very similar at the bottom of the well (and we are 

interested in the ZPE), the in-plane bending mode is also taken to be 

harmonic.  In finding the 4-D PES, values of 1500 cm-1 are used for 

both bending modes. 
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c. 4- Dimensional PES:  

The 4-D PES consists of two stretching modes (symmetric and 

asymmetric) and the two bending modes: in and out-of –plane.  Appendix 

4.2 is the Mathematica notebook that includes the solution to finding the 

4-D PES, total wavefunction for all four dimensions, and the NH dipolar 

coupling.  In the 4-dimensional potential, where the NHN bond deviates 

from linearity, the predicted expectation value of D15N-H is affected by cos 

θ', where θ' designates the angle made by the NH bond with respect to its 

equilibrium orientation (Scheme 4.3).11 The two bending modes 

contribute to both the distance and the angular averaging of the coupling, 

giving an average NH distance of 1.322Å, while <r> has value of 1.327 Å.  

Equation 4.20 and 4.21 and Scheme 4.3 show how to calculate the 

average dipolar coupling for a 4D PES without and with cos θ' averaging 

respectively.  Ψtot  is the ZPE wavefunction for all four dimensions. 

                                                                                                                                  (4.20)                                    

                           

                                                                                                                                 (4.21) 
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Scheme 4.3: Dipolar coupling for (a) stretch modes 1 and 2 –dimensional PES (b) 
stretch modes and bending modes (4-D PES) without cos Ө’ averaging (c) stretch 
modes and bending modes (4-D PES) with cos Ө’ averaging. 
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 IV. Summary and Conclusion: 

 According to the 1D and 2D PES of N,N,N’,N’-tetramethylputrescinium, 

the NHN Δv=1 asymmetric stretch is predicted to occur at 448 cm-1 and 543 cm-1, 

respectively.  The symmetric stretch is predicted to occur at 534 cm-1 according to 

the 2D PES, which is not far from the DFT-calculated harmonic normal mode 

NHN symmetric stretch of the transition state geometry.  According to the DFT-

calculated ZPE wavefunctions of the 1D, 2D and 4D PESs, the average NH 

distance (based on <1/r3>) is 1.302 Å, 1.30 Å and 1.322 Å, respectively, which 

are in close agreement with the experimental value of 1.324±0.008 Å (see Chapter 

VI below).   
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                                                  Appendix 4.1 
 
hamiltonian[V_] @ psi_ := -hbar^2/(2 m) D[psi,{S2,2}] + V psi 
 
psi[n_, S2_]:= (1/(2^n Factorial[n])^(1/2)) (alphaa/Pi)^(1/4)  HermiteH[n, 
        Sqrt[alphaa]( S2)] Exp[-alphaa (S2)^2 /2]//N 
 
Hkl=psi[k, S2] hamiltonian[V]@(psi[l, S2])//TrigToExp//Together; 
 
Hmat[numk_,numl_]:=Module[{Hhalf,H},H=Table[0,{k,0,numk},{l,0,numl}]; 
    Do[H[[k+1,l+1]]=NIntegrate[Hkl,{x,-20,20}]; 
      If[l0,Print[{k,l,H[[k+1,l+1]]}]],{k,0,numk},{l,0,numl}]; 
    H] 
m= (14/29)  (16726/9.10953); 
hbar = 1; 
dcon=(1/0.529167);  (* au/angstrom *) 
econ=(4.184    1.661 10-21/(4.35944 10-18));   (*  au/(kcal/mol)  *) 
econpp=(  1.661 10-21/(4.35944 10-18)) (*  au/kJ/mol  *) 
econp=1/(4.35944 10-18)  (*  au/Joule  *) 
dton=0.00001 (*newtons/dynes*) 
0.000381012 
2.29387×1017 
0.00001 
econpp 
0.000381012 
 
pot[S2_]:= v1 + v2 S2^2 +v3 S2^3 + v4 S2^4 
 
ext=Solve[D[pot[S2], S2]0, S2] 
 
def=Table[{S2/.ext[[i]],pot[S2/.ext[[i]]]},{i,3}]//FullSimplify; 
 
 

{{ S20},{ S2(-3 v3- )/(8 v4)},{ S2(-3 v3+
)/(8 v4)}} 
 
pot[S2] 
v1+v2 S2

2+v3 S2
3+v4 S2

4 
 
PES={v1 0, v2-66, v30, v4288 } 
S2m = S2au /dcon 10-10 
5.29167×10-11 xau 
S2a= S2au/dcon 

9v3232v2v4 9v3232v2v4
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0.529167 xau 
pes=pot[xa] econpp/.PES/.xau( S2)//Expand 
-0.00704155 S2

2+0.00860404 S2
4 

alphaa=Sqrt[ 2 (0.006)  m/(hbar)^2] 
3.2614 
V=pes 
-0.00704155 x2+0.00860404 x4 
H=Hmat[numpts=30,numpts]; 
{0,0,0.000446997} 
{1,0,0.} 
{2,0,-0.00111162} 
{3,0,0.×10-17} 
{4,0,0.000990697} 
{5,0,0.×10-17} 
{6,0,0.×10-12} 
{7,0,0.×10-16} 
{8,0,0.×10-12} 
{9,0,0.×10-16} 
{10,0,0.×10-15} 
{11,0,0.×10-16} 
{12,0,0.×10-14} 
{13,0,0.×10-16} 
{14,0,0.×10-14} 
{15,0,0.×10-16} 
{16,0,0.×10-17} 
{17,0,0.×10-15} 
{18,0,3.29191×10-17} 
{19,0,0.×10-15} 
{20,0,-2.22073×10-16} 
{21,0,0.×10-15} 
{22,0,5.6841×10-16} 
{23,0,0.×10-15} 
{24,0,-1.0111×10-15} 
{25,0,0.×10-15} 
{26,0,0.×10-16} 
{27,0,0.×10-15} 
{28,0,0.×10-15} 
{29,0,0.×10-15} 
{30,0,0.×10-15} 
 
{Energy,Wavefunctions}=Eigensystem[H//N]; 
 
psif=Table[Sum[Wavefunctions[[j+1,i+1]] psi[i,x],{i,0,numpts}],{j,numpts,0,-1}]; 
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ef=Table[Energy[[j+1]],{j,numpts,0,-1}]; 
 
ef 
{0.000167584, 0.00234581, 0.00663142, 0.0115842, 0.0172409, 0.0234559, 0.0301535, 
0.0372787, 0.0447886, 0.0526509, 0.060852, 0.0694604, 0.0782629, 0.0876085, 
0.0980823, 0.115761, 0.132709, 0.166942, 0.192163, 0.248396, 0.283595, 0.370815, 
0.418415, 0.551157, 0.614334, 0.817164, 0.900171, 1.22032, 1.32936, 1.88692, 2.033} 
 
ef/ (4.556 10-6) 
{36.7832, 514.883, 1455.53, 2542.63, 3784.21, 5148.34, 6618.42, 8182.32, 9830.68, 
11556.4, 13356.4, 15245.9, 17178, 19229.3, 21528.2, 25408.5, 29128.4, 36642.3, 42178., 
54520.6, 62246.5, 81390.5, 91838.3, 120974., 134841., 179360., 197579., 267850., 
291783., 414162., 446225.} 
  
(ef[[2]]-ef[[1]])/ (4.556 10-6) 
478.1 
 
sol=Solve[D[V,x]0,x] 
{{x-0.639688},{x0.},{x0.639688}} 
 
min=V/(4.556 10-6)/.sol[[1]] 
-316.221 
 
ef/ (4.556 10-6) -min 
 
{353.004, 831.104, 1771.76, 2858.85, 4100.43, 5464.56, 6934.64, 8498.54, 10146.9, 
11872.6, 13672.7, 15562.1, 17494.2, 19545.5, 21844.4, 25724.7, 29444.6, 36958.5, 
42494.2, 54836.9, 62562.7, 81706.7, 92154.5, 121290., 135157., 179676., 197895., 
268166., 292099., 414478., 446541.} 
 
 
Plot[V,{x,-1.5,1.5}] 
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Plot[{psif[[1]]//Re//Abs},{x,-1.5,1.5},PlotRange->All] 

 
Plot[{psif[[2]]//Re},{x,-1.5,1.5},PlotRange->All]  

 
Plot[{psif[[3]]//Re},{x,-1.5,1.5},PlotRange->All]  

 
psifp=Sqrt[Sqrt[2] dcon ] psif/.x((2 r -R)/ Sqrt[2] dcon); 
R=2.7 
dip1=NIntegrate[1/(r)3  psifp[[1]] Conjugate[psifp[[1]]],{r,0.1,10}] 
0.47 
dip1(-1/3) 
1.302 
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                                              Appendix 4.2: 
  
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]; 
      If[l0,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 10-21/(4.35944 10-18)); (* 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 *) 
2.29387×1017 
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 
sepi3={v12->-0.19123485721936623`,v14->0.028124141050246566`,v22-
>0.4443021666165578`,v24->0.24243655530479824`,vx->-0.1367314584709433`} 
pot[s1,s2]/.sepi3 
-0.191235 s12+0.0281241 s14+0.444302 s22-0.136731 s12 s22+0.242437 s24 
Plot[pot[1.9,s2]/.sepi3,{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)/.x2aus2//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 s12+0.00221562 s14+0.103291 s22-0.00913079 s12 s22+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]]/.s11 
pts2=pes[[4]]/.s21 
0.0539999 
0.103291 
 
alphas1=Sqrt[ 2 (pts1)  m1/(hbar)^2] 
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]} 
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V=pes 
0.330586 -0.0539999 s12+0.00221562 s14+0.103291 s22-0.00913079 s12 s22+0.0312069 
s24-0.0000665437 s14 s24 
 
 
NIntegrate[Hkl/.k0/.l0//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} 
{4,0,9.7672×10-7} 
{5,0,0.×10-9} 
{6,0,0.×10-9} 
{7,0,0.×10-9} 
{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,-1.00576×10-7} 
{20,0,0.×10-9} 
{21,0,0.×10-9} 
{22,0,0.×10-9} 
{23,0,0.×10-9} 
{24,0,-3.47008×10-160} 
{25,0,6.34529×10-159} 
{26,0,-1.26906×10-157} 
{27,0,2.43659×10-156} 
{28,0,-2.27415×10-155} 
{29,0,2.07923×10-154} 
{30,0,-2.49507×10-153} 
{31,0,1.99606×10-152} 
{32,0,0.000534408} 
{33,0,-0.0000324357} 
{34,0,-1.8591×10-6} 
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{35,0,-5.80227×10-8} 
{36,0,0.×10-9} 
{37,0,0.×10-9} 
{38,0,0.×10-9} 
{39,0,0.×10-9} 
{40,0,-7.93162×10-159} 
{41,0,2.03049×10-157} 
{42,0,-3.24879×10-156} 
{43,0,4.54831×10-155} 
{44,0,-5.19807×10-154} 
{45,0,5.82183×10-153} 
{46,0,-5.32282×10-152} 
{47,0,5.32282×10-151} 
{48,0,0.×10-9} 
{49,0,0.×10-9} 
{50,0,0.×10-9} 
 
{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 10-6) 
 
{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} 
 
{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,
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6787.46,7218.87,7409.64,7502.16,7573.62,8196.27,8342.97,8429.64,8563.29,8969.9,927
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] 

 
temp=psif[[state=2]](*Conjugate[psif[[state]]]*)//Re//Simplify; 
Plot3D[temp,{s1,3,5},{s2,-2,2},PlotRange->All] 
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temp=psif[[state=3]](*Conjugate[psif[[state]]]*)//Re//Simplify; 
Plot3D[temp,{s1,3,5},{s2,-2,2},PlotRange->All] 

 
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] 
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ContourPlot[temp,{R,2.4,2.95},{r,0.8,1.9},PlotRange->All] 

 
 
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  c vbar 100)2 m 
dton=0.00001 (*newtons/dynes*); 
m=1.66 10-27 mamu 
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3.×108 
0.0000589808 mamu vbar2 
1.66×10-27 mamu 
alpha=Sqrt[ k  m/(hbar)^2]/2/.mamu1/.vbar1500; 
psipm2[y_]=psip[0,alpha,y] 
 
1.6314e-11.1265y2  
 
alpha=Sqrt[ k  m/(hbar)^2]/2/.mamu1/.vbar1500; 
psipm3[z_]=psip[0,alpha,z] 
1.6314e-11.1265z2  
 
Plot[psipm3[z],{z,-1,1}] 

 
NIntegrate[psipm2[z]2,{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)   
(-8.21056×10-144 r6 (-2.75757+R) (-2.48757+R)-3.16644×10-155 r5 (-942.301+R) (-
2.75757+R) (-2.48757+R) (1.27332×10-10+R) (935.979 +R) (881997. -6.32138 R+R2)-
9.89512×10-156 r (-3.64905+R) (-2.74916+R) (-2.48535+R) (-0.484094+R) (-1.73338×10-

14+R) (0.472901 +R) (3.51494×1012+R) (8.87885 -5.77396 R+R2) (4.20032 -4.0421 
R+R2)+3.95805×10-155 r2 (-3.75164+R) (-2.75267+R) (-2.48618+R) (-0.277661+R) 
(0.274025 +R) (2.63621×1012+R) (9.06584 -5.78366 R+R2) (4.0065 -3.93304 R+R2)-
7.91609×10-155 r3 (-3.91489+R) (-2.75517+R) (-2.48686+R) (-2.00646×10-14+R) 
(1.75747×1012+R) (9.3786 -5.79373 R+R2) (3.71216 -3.76017 R+R2)+7.91609×10-155 r4 
(-4.24349+R) (-2.75678+R) (-2.48734+R) (8.78736×1011+R) (10.055 -5.79324 R+R2) 
(3.19184 -3.42998 R+R2)+9.89512×10-157 (-3.57697+R) (-2.74442+R) (-2.48457+R) (-
0.704024+R) (0.688585 +R) (4.39368×1012+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 
 

1.0 0.5 0.5 1.0

0.5

1.0

1.5
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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 
 
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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CHAPTER V 
 
 
 
 

VIBRATIONAL SPECTROSCOPY  
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I. Introduction 

 Molecular spectroscopy methods such as IR, Raman and Inelastic Neutron 

Scattering (INS) are standard tools for observing molecular vibrations.  IR and Raman are 

complementary to each other in determining vibrations, since they follow different 

optical selection rules.  Because INS is not an optical method, there are no selection rules 

based on molecular symmetry.  INS is particularly useful for determining hydrogen bond 

vibrations due to the large incoherent scattering cross section of hydrogen (80 barns).   

  In order to find a particular motion of a proton in a molecule, isotopic labeling of the 

rest of the hydrogen atoms in the molecule is required.  The incoherent scattering cross 

section of deuterium is 2 barns, which is much lower than of hydrogen.  IR, Raman and 

INS were used in order to assess vibrations associated with the NHN proton-bridged 

diamine in N,N,N’,N’-tetramethylputrescinium monotiflate (MPTMP), N,N,N’,N’-

tetramethylcadaverinium monotiflate (MPTMC), and Cis-1,5-diaminocycloctanium 

monotriflate (DACO).  

 Raman spectra were recorded on a Dilor X-Y Raman Laser instrument with 

50mW power and an excitation wavelength of 532 nm.  A sealed melting point tube was 

used as a sample holder for Raman measurements.  The stated resolution of the Raman 

instrument is 2 cm-1.  

 Mid-IR spectra of solid and liquid samples were recorded on an EQUINOX 55 

Bruker instrument. Samples for mid-IR were prepared using IR grade KBr, which had 

been stored in a 130°C oven the night before use.  An approximately 80/20 mixture of 
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KBr and sample were ground together into a fine powder and then formed into a 

transparent pellet by applying pressure in a pellet sample holder.  The stated resolution of 

the FTIR instrument is 4 cm-1. 

  INS spectra were measured at 10K using the filter difference spectrometer 

(FDS) at the Los Alamos National Laboratory Neutron Science Center (LANSCE) 

(Figure 5.1). The FDS instrument is designed for high count rates by use of large solid-

angle detectors.  Vibrational spectra are obtained by neutron energy loss.  Incoming 

neutrons excite molecular vibrations by giving up energy upon scattering from the 

sample.  The FDS determines the change in energy by the use of low-energy band-pass 

filters (Be or BeO) between the sample and detector.  These filters will allow only 

neutrons of a certain energy to reach the detector. 

 

Figure 5.1: Schematic representation of the Filter Difference Spectrometer at the Manuel 
Lujan, Jr. Neutron Scattering Center. 
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 The scattered neutrons are sorted by their total time of flight as they journey 

from the source to the detector. From this information, their energies can then 

be determined.  Data reduction is accomplished by either variable numerical 

deconvolution of the spectrometer response function or maximum-entropy methods. The 

instrument’s energy resolution can thereby be varied as needed and ranges from 2% to 

5% of the energy transfer.   

 The resolution of elastic neutron scattering instruments for neutron diffraction is 

determined by means of powder diffraction. There are numerous materials for which the 

intrinsic width of the Bragg peaks is much smaller than the instrument resolution function 

(the limit is the Darwin width - a Bragg peak cannot have a width smaller than that). Also 

it is a straight forward task to find materials with Bragg peaks in the d-spacing range of 

interest, from a fraction of an Angstrom to tens of Angstroms. Measuring (elastic) 

resolution is then a simple task: the measured width of the Bragg peaks reflects directly 

the instrument resolution at a particular d-spacing.  

 The situation is much more complex for inelastic scattering. Most, if not all, 

materials have relatively broad vibrational modes. Hence, the direct measurement of a 

resolution function for an inelastic neutron scattering instrument is not a simple task. The 

intrinsic width of a vibrational mode is comparable to the instrumental resolution.  It can 

be difficult to perform a direct resolution measurement and separate the contributions to 

peak broadening owing to intrinsic peak width from those due to instrumental resolution. 

One material that comes close to having very sharp vibrational and rotational modes is 

2,5-diiodothiophene. Furthermore this molecule has numerous modes conveniently 
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spread over a wide dynamic range. This material was used to measure the resolution of 

the FDS (after data reduction with either the standard deconvolution method or the 

maximum entropy method). The results are shown in Figure 5.2. 

 

Figure 5.2: Relative resolution (in percent) of FDS as measured with a 2,5-
diiodothiophene sample. The symbols correspond to vibrational and rotational modes of 
2,5-diiodothiophene. The lines are guides to the eye. The red line corresponds to the 
spectrum obtained from the standard deconvolution method. The green line is the 
resolution obtained after processing the data with the maximum entropy technique. 
 

 The FDS sample holder is made of aluminum and has a cylindrical shape, which 

allows one to place the sample in the beam closer to the scattering center.  The sequence 

of events for sample loading includes (1) determine the amount of sample available and 

choose the appropriate size sample holder; (2) in the helium dry glove box load the 

ground powder sample into the sample holder; (3) seal the sample holder using indium 

wire to the top of sample holder.   
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II.  Results and Discussion 

A. N,N,N’,N’-tetramethylputrescinium monotiflate (MPTMP- d0) 

In order to identify vibrations associated only with the NHN bond of MPTMP-d0, 

vibrations of MPTMP-d0 derivatives ((DPTMP-d0, DPTMP-d20, MPTMP- d16 and 

MPTMP- d20) shown in Scheme 5.1 were compared by mid-IR, Raman and INS.   

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.1: Structure of N,N,N’,N’-tetramethylputrescinium  monotriflate (MPTMP-d0) 
derivatives: N,N,N’,N’--tetramethylputrescinium-d16 monotriflate (MPTMP-d16), 
N,N,N’,N’-tetramethylputrescinium-d20 monotriflate (MPTMP-d20), N,N,N’,N’-
tetramethylputrescinium-d0  ditriflate (MPTMP-d0) and N,N,N’,N’-
tetramethylputrescinium-d20  ditriflate (MPTMP-d20). 
 

 

D D

D D

D D

D D

Me2N NMe2H
+

N+
N+

(CD3)2N N(CD3)2H
+

D
D

D

D

(CD3)2N N(CD3)2H

D
D

D

D

+
D

D

D

D

MPTMP-d0 MPTMP-d20MPTMP-d16

H

H

-OTf -OTf -OTf

-OTf

-OTf

N+
N+D3C

D3C
CD3

CD3

H

H

-OTf

-OTf
DPTMP-d0 DPTMP-d20



   

152 
 

 

The diprotonated salts, DPTMP-d0 and d20 exhibit normal NH stretches around 3100 cm-1 

as seen by their mid-IR spectra (Figure 5.3), which is not one of the vibrations seen in 

MPTMP-d0, d16 or d20.  The CD stretches have very weak intensity in the mid-IR,  but the 

Raman spectra of MPTMP derivatives as shown in Figure 5.4 exhibit strong CD 

stretches for MPTMP-d20 and DPTMP-d20.  

2100 2400 2700 3000 3300

CD stretch region

regular 
NH stretch 

CH stretch region

MPTMP-d16

DPTMP-d0

DPTMP-d20
(93.7%deuterated)

MPTMP-d20
(98.9% deuterated)

MPTMP-d0

from incomplete 
deuteration

CO2 asymmetric stretch

 

 

Figure 5.3: Mid-IR of DPTMP-d0 (dark purple), DPTMP-d20 (light green), MPTMP-d0 
(pink), MPTMP- d16 (blue), MPTMP-d20 (red) in the region of 2000-3300cm-1. 
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Figure 5.4: Raman of DPTMP-d20 (light green), MPTMP-d20 (red), DPTMP-d0 (purple), 
MPTMP-d0 (pink) in the region of 2000-3300cm-1. 
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Two samples of N,N,N’,N’-tetramethylputrescinium-d20 were prepared.  One was used to 

make the diprotonated salt DPTMP-d20 and the other to make the monoprotonated salt 

MPTMP-d20.  As shown in the ESI-MS spectra in Figure 5.5, the DPTMP-d20 compound 

is actually 93.7 atom% D and the MPTMP-d20 compound is actually 98.9 atom% D 

(Figure 5.6).  CH stretches from incomplete deuteration can be seen in their 

corresponding IR and Raman spectra in Figure 5.3 and 5.4. 

 

Figure 5.5: Positive ion ESI-MS of TMP-d20 (93.7 atom% D) used to prepare DPTMP-
d20.  The most intense peak corresponds to protonated TMP-d19 at m/z 164. 
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Figure 5.6: Positive ion LC-MS of MPTMP-d20 (98.9 atom% D).  The most intense peak 
corresponds to protonated TMP-d20 at m/z 165.  The peak at m/z 315 corresponds to the 
protonated monotriflate salt of TMP-d20. 
 
In order to identify the vibrations associated with the NHN stretch, the vibrations 

associated with the triflate anion were identified by comparing the IR and Raman spectra 

of all the compounds in Scheme 5.1.  Table 5.1 shows the experimental findings for 

vibrations associated with the triflate anion and the DFT harmonic vibrational frequency 

of N,N,N’,N’-tetramethylputrescinium  monotriflate.  The vibrations in both findings are  

in close agreement with each other.   
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The triflate anion was chosen for formation of these salts for two reasons. First the 

incoherent scattering cross sections of S, O, C and F are very small (<0.0008 barns) 

compared to hydrogen, and only very weak vibrations should be seen by INS.  Second 

the triflate anion is thought to stay away from the bridging proton, since its negative 

charge is delocalized.  According to the X-ray structure the triflate anion lies about 4Ǻ 

away from the cation. 

  

Raman 

(cm-1) 

 

IR 

(cm-1) 

 

Calculations 

 

Assignment 

314  307 C-S stretch coupled with CH3 torsion and 
NHN asymmetric stretch 
 

347  339 Triflate anion rocking 

571 571 561 SO2 and CF2 scissors 

633 633 625 SO3 and CF3 umbrella motion 

 754  CF3 bending 

 1144 1177 SO2 asymmetric coupled with NHN bend and 
CH2 rocking 

1226 1223 1223 CF3 symmetric stretch 

1264 1266 1250 SO2 and CF2 asymmetric stretches 

 

Table 5.1: Vibrations associated with the triflate anion seen by IR and Raman and their 
assignments.  Theses vibrations are compared with DFT calculated normal modes of 
N,N,N’,N’-tetramethylputrescinium  monotriflate at B3LYP/6-31G** level. 
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Since the only shared atom between the nitrogen atoms is a hydrogen in MPTMP-d20, 

strong vibrations seen above the phonon mode region ought to be associated with the 

motion of the proton bridged diamine.  Figure 5.7 is consisted of mid-IR, Raman and 

INS of MPTMP-d20.  As shown in Figure 5.7, some vibrations from the triflate anion 

indicated by the red dashed arrow in MPTMP-d20 are also present in the INS spectrum, 

which means the triflate vibrations are coupled to the NHN proton. Also, the CNC 

asymmetric stretch, which occurs around 1000 cm-1, and CC stretch modes which occur 

in the region between 800-900 cm-1, are also present in the INS spectrum.   

Theory predicts the anharmonic NHN asymmetric stretch to be at 475cm-1, as discussed in 

chapter IV.  The band at 452cm-1(indicated by the purple dashed arrow), which is present 

in IR, Raman and INS of MPTMP-d20, is assigned to the NHN asymmetric stretch. 

(Figure 5.7) 
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Figure 5.7A: Mid-IR (resolution 4 cm-1), INS (data obtained by maximum entropy) and 
Raman (resolution 2 cm-1) of N,N,N’,N’-tetramethylputrescinium  monotriflate-d20. The 
vibrations associated with the triflate anion are shown in red.   CNC symmetric stretch is 
shown in brown.  CC stretch is shown in green. CCN bending modes are shown in pink.  
CD3 tortsion is shown in light pink. NHN symmetric is shown in turquoise. NHN 
asymmetric stretch is shown in purple. 
  

Mid-IR of MPTMP-d20 

INS of MPTMP-d20 

Raman of MPTMP-d20 
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Figure 5.7B: Mid-IR (resolution 4 cm-1), INS (data obtained by maximum entropy) and 
Raman (resolution 2 cm-1) of N,N,N’,N’-tetramethylputrescinium  monotriflate-d20. The 
vibrations associated with the triflate anion are shown in red.  CNC asymmteric stretches 
are shown in blue.  
 

  

 

 

 

Mid-IR of MPTMP-d20 

INS of MPTMP-d20 

Raman of MPTMP-d20 
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 The IR, INS and Raman spectra of MPTMP-d0, MPTMP-d16 and MPTMP-d20 in 

the NHN asymmetric stretch region are shown in Figure 5.8, 5.9 and 5.10 respectively.  

The band assigned to the NHN asymmetric stretch of MPTMP-d16 is a peak centered at 

460 cm-1.  In the case of MPTMP-d0, the band assigned to the NHN asymmetric stretch is 

a peak centered at 485 cm-1.  As mentioned earlier, the NHN asymmetric stretch of 

MPTMP-d20 is a peak centered at 452 cm-1.   The lowering of the vibrational frequency 

for the more deuterated compound can be due to the difference in the unit cell of the 

MPTMP-d0 (triclinic) and d20 (monoclinic).  Also, if the CCN bending mode is coupled 

with the NHN stretch, deuteration of the aliphatic hydrogens would lower the NHN 

asymmetric stretch of  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8: ATR-IR of MPTMP-d0 (pink), d16 (blue) and d20 (red) in the NHN 
asymmetric stretch region. 
 

400 450 500 550 600

460 cm-1
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Figure 5.9: INS of MPTMP-d0 (pink), d16 (blue) and d20 (red) in the NHN asymmetric  
stretch region. 
  

 In the INS spectra of MPTMP-d0 and MPTMP-d16, there are bands next to the  

NHN asymmetric stretches at 517 cm-1 and 475 cm-1, respectively, assigned to the CCN 

bending mode.  The CCN bending mode is coupled to the movement of aliphatic 

hydrogens and is therefore an intense vibration in the INS spectra.  For that reason this 

band is absent in the INS of the d20 salt.  The NHN asymmetric stretches of MPTMP-d0 

and MPTMP-d20 are seen at 488 cm-1 and 462 cm-1, respectively, in the Raman (Figure 

5.10).  The Raman of MPTMP-d16 is not available, since all the samples contained 

fluorescent impurities.   
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 Since the resolutions of the IR, Raman, and INS instruments are different from 

one another the vibrational frequencies are not identical for a given band.  However, 

assignments can be based on comparisons between the monoprotonated MPTMP salts 

with the diprotonated DPTMP triflates.  The IR of DPTMP-d0 (Figure 5.11) does not 

show any vibration corresponding to the NHN asymmetric stretch region.  Likewise, the 

Raman of DPTMP-d20 (Figure 5.12) does not show a peak at 452 cm-1, which provides 

more reassurance these peaks are unique to MPTMP derivatives having proton-bridged 

NHN.  The IR, Raman and INS spectra of MPTMP-d0 is shown in Figure 5.13.  The IR 

and INS spectra of MPTMP-d16  are shown in Figure 5.14A.  The dashed purple lines in 

both figures correspond to the NHN asymmetric stretch. 
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Figure 5.10: Raman of MPTMP-d0 (pink) and d20 (blue) in the NHN asymmetric  
stretch region.  
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Figure 5.11A: Mid-IR (resolution 4 cm-1), INS (data obtained by deconvolution) and 
Raman (resolution 2 cm-1) of N,N,N’,N’-tetramethylputrescinium  ditriflate-d0. The 
vibrations associated with the triflate anion are shown in red.  CNC bending modes are 
shown in dark blue. CC stretch is shown in green. CCN bending modes are shown in 
pink.  CH3 torsion is shown in orange.  
 

 

Mid-IR of DPTMP-d0 

INS of DPTMP-d0 

Raman of DPTMP-d0 
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Figure 5.11B: Mid-IR (resolution 4 cm-1), INS (data obtained by deconvolution) and 
Raman (resolution 2 cm-1) of N,N,N’,N’-tetramethylputrescinium  ditriflate-d0. The 
vibrations associated with the triflate anion are shown in red.  CNC asymmteric stretches 
are shown in blue. CNC symmetric stretch is shown in purple.  CH2 scissor mode is 
shown in light purple. CH2 rocking is shown in gray. 

Mid-IR of DPTMP-d0 

INS of DPTMP-d0 

Raman of DPTMP-d0 
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Figure 5.12A: Mid-IR (resolution 4 cm-1), and Raman (resolution 2 cm-1) of N,N,N’,N’-
tetramethylputrescinium  ditriflate-d20. The vibrations associated with the triflate anion 
are shown in red.  CNC bending modes are shown in dark blue.  CC stretch is shown in 
green. CD2 scissor and rocking modes are shown in light green.  
 

Mid-IR of DPTMP-d20 

Raman of DPTMP-d20 
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Figure 5.12B: Mid-IR (resolution 4 cm-1), and Raman (resolution 2 cm-1) of N,N,N’,N’-
tetramethylputrescinium  ditriflate-d20. The vibrations associated with the triflate anion 
are shown in red.  CNC asymmteric stretches are shown in blue. CNC symmetric stretch 
is shown in purple.  CD2 scissor and rocking modes are shown in light green. NH bending 
mode is shown in brown.  
 

 

 

Mid-IR of DPTMP-d20 

Raman of DPTMP-d20 
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 Figure 5.13A: Mid-IR (resolution 4 cm-1), INS (data obtained by deconvolution) and 
Raman (resolution 2 cm-1) of N,N,N’,N’-tetramethylputrescinium  monotriflate-d0. The 
vibrations associated with the triflate anion are shown in red.  CNC symmetric stretch is 
shown in brown.  CNC bending modes are shown in dark blue. CC stretch is shown in 
green. CCN bending modes are shown in pink.  CH3 torsion is shown in orange.  NHN 
symmetric or a bending mode is shown in turquoise. NHN asymmetric stretch is shown 
in purple. CH2 rocking mode is shown in gray. 

INS of MPTMP-d0 

Mid-IR of MPTMP-d0 

Raman of MPTMP-d0 
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Figure 5.13B: Mid-IR (resolution 4 cm-1), INS (data obtained by deconvolution) and 
Raman (resolution 2 cm-1) of N,N,N’,N’-tetramethylputrescinium  monotriflate-d0. The 
vibrations associated with the triflate anion are shown in red.  CNC asymmteric stretches 
are shown in blue. CH2 scissor mode is shown in light purple. CH2 rocking mode is 
shown in gray. 
  

Mid-IR of MPTMP-d0 

INS of MPTMP-d0 

Raman of MPTMP-d0 
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Figure 5.14A: Mid-IR (resolution 4 cm-1) and INS (data obtained by deconvolution)  
N,N,N’,N’-tetramethylputrescinium  monotriflate-d16. The vibrations associated with the 
triflate anion are shown in red.  CNC symmetric stretch is shown in brown.  CNC 
bending modes are shown in dark blue. CC stretch is shown in green. CCN bending 
modes are shown in pink.  CH3 torsion is shown in orange.  CD3 torsion mode is shown in 
light pink. CD stretch is shown in light green.  NHN asymmetric stretch is shown in 
purple.  NHN symmetric stretch or a bending mode is shown in torquise. 
 
 
 
 
 
 
 

INS of MPTMP-d16 

Mid-IR of MPTMP-d16 
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Figure 5.14B: Mid-IR (resolution 4 cm-1) and INS (data obtained by deconvolution)  
N,N,N’,N’-tetramethylputrescinium  monotriflate-d16. The vibrations associated with the 
triflate anion are shown in red.  CNC asymmteric stretches are shown in blue. CH2 scissor 
is shown in light purple.   
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 According to DFT harmonic mode Gaussian calculations on N,N,N’,N’-

tetramethylputrescinium  monotriflate, the NHN in-plane-bending mode and out-of 

plane-bending modes ought to occur at 1530 cm-1 and 1603 cm-1 respectively.  The CH2 

scissor motion occurs around the same frequency as the NHN bending modes; therefore 

deuteration of aliphatic hydrogens should have revealed the NHN bending modes, as 

shown in Figure 5.15.

 

 Figure 5.15: Mid-IR of MPTMP-d0, d16 and d20 showing the CH2 scissor mode. 

 The mid-IR of MPTMP-d20 reveals two weak broad bands centered at 1427 cm-1 

and 1545 cm-1, which might be the NHN bending modes.  The IRMPD spectrum of the 

gaseous protonatedTMP-d0  reveals a band around 1200 cm-1, which disappears upon 

deuteration with D2O.  Since only the NHN proton can exchange with D2O, this peak is 



   

173 
 

assigned to one of the bending modes (Figure 5.16).  As shown in Figure 5.17, the gas 

phase IRMPD spectrum of protonated TMP-d20 also has the peak around 1200 cm-1, but 

the region is highly congested. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.16: IRMPD spectra of protonated TMP-d0
 in black (from electrospray in H2O) 

and the corresponding deuterated TMP-d0
 in red (from electrospray in D2O). 

 

NHN bending mode 
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Figure 5.17: IRMPD spectrum of protonated TMP-d20.  IRMPD spectra were recorded 
by Dr. Jos Oomens in June2008 at the FOM Institute for Plasma Physics in Nievwegein, 
The Netherlands, using an FT-ICR connected to the FELIX free electron laser. 
 

 According to DFT normal mode harmonic mode Gaussian calculations of 

N,N,N’,N’-tetramethylputrescinium  monotriflate, the NHN symmetric stretch occurs at 

160 cm-1.  The Raman spectra of MPTMP-d0, MPTMP-d20, DPTMP-d0 and DPTMP-d20 

in the predicted NHN symmetric region are shown in Figure 5.18.   
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Figure 5.18: Raman of DPTMP- d0 (dark purple), DPTMP- d20 (light green), MPTMP- d0 
(pink) and MPTMP- d20 (red) in the NHN symmetric region. 
 

 There is a broad peak centered at 160 cm-1 seen in  MPTMP derivates with NHN 

proton-bridged which is assigned to NHN symmetric stretch.  The INS spectra of 

MPTMP-d0, MPTMP-d16 and MPTMP-d20 in the NHN symmetric region are shown in 

Figure 5.19.  INS spectrum of MPTMP-d0 has a broad peak centered at 155 cm-1 and the 

INS spectra of MPTMP-d16 and MPTMP-d20 have a broad peak centered at 152 cm-1 

which are assigned to the NHN symmetric stretch.  There is a 5 cm-1 difference between 

the center of peaks in the INS and Raman spectrum which could be due to the difference 
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in the resolution of Raman and INS instrument.  However, since the bridging proton 

ought not to exhibit much motion in the course of symmetric stretch, these assignmenets 

must be considered tentative. 

 

Figure 5.19: INS spectra of MPTMP-d0, d16 and d20 in NHN symmetric region. 

 According to two-dimensional potential energy surface of N,N,N’,N’-

tetramethylputrescinium in the gas phase, the NHN symmetric stretch should occur at 

544 cm-1.  The Raman spectra of crystalline MPTMP-d0, MPTMP-d20, DPTMP-d0 and 

DPTMP-d20 in the predicted NHN symmetric region are shown in Figure 5.20.  

Suggestive bands at 692 cm-1are seen, which are absent in the diprotonated salts. 
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Figure 5.20: Raman of DPTMP- d0 (dark purple), DPTMP- d20 (light green), MPTMP- d0 
(pink) and MPTMP- d20 (red) in the NHN symmetric region. 
 

There is a band centered at 692 cm-1 unique to MPTMP derivatives with NHN proton-

bridged, which might be assigned to the NHN symmetric stretch.  The IR spectra of 

MPTMP-d0, MPTMP-d16, MPTMP-d20, DPTMP-d0 and DPTMP-d20  in the NHN 

symmetric region are shown in Figure 5.21.  The IR spectrum of MPTMP derivatives 
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have a band centered at 692 cm-1 that is missing in the diprotonated salts. 

  

Figure 5.21: IR spectra of DPTMP- d0 (dark purple), DPTMP- d20 (light green), 
MPTMP- d0 (pink) and MPTMP- d20 (red) in the NHN symmetric region. 
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Figure 5.22: Raman spectra of DPTMP- d0 (dark purple), MPTMP- d0 (pink) and 
MDTMP- d20 (blue)   
 
 In the Raman of bridging D of  N,N,N’,N’-tetramethylputrescinium monotriflate 

(MDTMP) shown in blue (Figure 5.22), the two bands at 488cm-1 and 692 cm-1 

disappear, which is more reassurance that these two bands are vibrations associated with 

NHN bond vibrations.  There is a peak at 520 cm-1 that is only present in the bridging D, 

which might be the peak at 692 cm-1 in the bridging H that has shifted by 172 cm-1. 

Tables 5.2 (mid-IR vibrations), 5.3 (Raman vibrations) and 5.4 (INS vibrations) 

summarize the frequencies and assignments for the MPTMP vibrations.  Appendices 5.1, 

5.2 and 5.3 show the IR, Raman and INS spectra of all the MPTMP derivatives 

respectively. 
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Table 5.2: Mid-IR frequencies and assignments for MPTMP derivatives.  The IR 
resolution is 4 cm-1. 

mptmp-d0 mptmp-d20 Mptmp-d16 dptmp-d0 dptmp-d20 assignment 

485 (m) 452 (m) 461 (m)  N/A NHN asymmetric stretch 

516 (m) 517 (m) 516 (m) 514 (s) 517 CCN bend 

 533 (w)     

571 (m)  570 (m) 572 (m) 573(s)  570 (s) SO3 and CF3 rocking 
633 (s) 632 (m) 634 (s) 635(vs) 630 (vs)   CF3+C-S+SO3 

 666 (vw) 680 (m)   CNC symmetric stretch+ C-C 
stretch 

 692 (w)    NHN symmetric 

647-747 (m) 725 (w)  709 (vw)   CNC symmetric stretch+ C-C 
stretch 

755 (m) 755 (m) 755 (m) 756 (m)  758 (m)  CF3 and C-S stretch 
    812 (w)  

 
 
772 to 
904 (m) 
very broad 

816 (w) 821 (w)  822 (m)  CD2 bending 

  830 (w)   
836 (w) 839 (w)  840 (w) CD2 bending 
848 (vw) 849 (vw)    
874 (vw) 879 (w)   C-C stretch 
 892 (vw)    
917 (w)  925 (w) 929 (m) 915 (w) CNC asymmetric 

952 (w) 959 (w)   951 (m) 952 (w) CNC asymmetric 

987 (m) 991(w)      

1030 (s) 1028 (vs)  1030 (vs) 1026 (vs)  1025 (vs) CNC asymmetric 

 1070 (m) 1061 (m)   1062 (m) CNC asymmetric 

  1078 (m)     

1144 (s) 1147 (s) 1146 (s) 1150 (m) 1164(vs)  C-F + SO3 symmetric 
   1162 (s)   

1206 (w)   1211 (m) 1207 (s)  

1223 (m) 1224 (s) 1225 (s) 1224 (s) 1224 (s) SO2 and CF2 asymmetric 

1266 (vs) 1260 (vs) 1260 (vs) 1262 (vs) 1264 (s) SO2 asymmetric 

1352 (w)      

1390 (vw)   1392 (vw)   

1416 (vw) 1384-1466 
     (vw) 

1448 (m)   1422 (vw)   CH2 scissor 

    1411 (m) NHO bending 

1474 (s)   1478 (m)  CH3 stretch 

 1424 (w)     

1590 
(shoulder) 

1576 (w) 1567 (w)    

 2074 (vw) 2073 (w)   CD stretch 

 2114 (vw) 2224 (w)  2255 (vw) CD stretch 

 2366 (vw)  2267(w)   2291 (vw) CD stretch 

  2300 (w)  2363 (vw) CD stretch  

2863 (m)  2865 (m) 2812 (w) 2771 (w) CH stretch 

   2936 (s)  2936 (vw) 2935 (m)  2964 (w)  2941 (vw) CH stretch 
   3098 (m)  3086 (m)  NH stretch 
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mptmp-d0 mptmp-d20 dptmp-d0 dptmp-d20 Assignment 
199 (m)     
199 (m)     
207 (m) 198, 202 (m)    
212 (w) 220 (m) 211 (w)   
245 (w)  246 (w)   
267 (m) 259 (vw) 266 (m)  CH3 torsion 
314 (vs) 314 (vs) 314 (vs) 307 (vs) C-S stretch 
348 (vs) 347 (vs) 350 (vs) 355 (vs) Triflate rocking 

motion 
386 (vw)   380 (m)  
423 (w)  426 (w) 435 (w) CNC bend 
444 (w)  444 (w)  CNC bend 
  479 (m)   
488 (m) 465 (m)   NHN asymmetric 
517 (w) 517 (w) 520 (vw)  CCN bend 
  532 (vw) 521 (w)  
573 (s) 572 (s)      574 (s) 577 (s) SO3 and CF3 rocking 
634 (w) 633 (w) 633 (w) 633 (w) CF3+C-S+SO3 
 640 (m)    
693 (m) 691 (m)   NHN symmetric 
709 (m)     
 742 (m)  745 (s)  
757 (vs)  754 (vs)   760 (vs)   758 (vs) CF3 and C-S stretch 
789 (vw)     
804 (w)  804 (w)  C-C stretch 
814 (w)   810 (w) C-C stretch 
 823 (m)  823 (m) CD2 bending 
 838 (m)  838 (w) CD2 bending 
843 (m) 846 (m) 844 (m) 865 (m) C-C stretch 
     883 (w)    
892 (w) 899 (vw)   C-C stretch 
 944 (vw)    
 957 (vw)    
967 (w) 981 (vw) 967 (m) 967 (w)  
988 (vw)  1004 (w) 997(w)   
998 (w)     
1026 (s) 1021 (m) 1021 (s) 1023 (vs) CNC asymmetric 

stretch 
1030 (vs)    1027 (vs)    1030 (vs)   1031 (vs) CNC asymmetric 

stretch 
1047 (m) 1053 (m) 1046 (w) 1050 (w) CNC asymmetric 
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stretch 
1076 (w) 1077 (m)   1072 (w) 1058 (w) CNC asymmetric and 

CCC asymmetric  
stretch 

 1107 (vw)  1102 (vw) CD2  scissor 
   1121 (w)  
 1137 (w)  1139 (m) CD2  scissor 
1162 (vw) 1161 (vw) 1162 (w) 1168 (w) C-F + SO3 symmetric 
1187 (w)  1186 (w)  CH2+CH3 rocking 
1226 (m)  1219 (m)   1226 (m)   1230 (m) SO2 and CF2 

asymmetric 
1264 (w) 1262 (w) 1263 (vw)   
1280 (vw) 1278 (vw) 1281 (vw) 1286 (w)  
1311 (vw) 1294 (vw)    
1332 (m)  1333 (m) 1316 (w) CH2 rocking 
 1422 (vvW)    
1415 (s)     CH3 rocking 
1444 (m)    CH2 scissor 
1456 (m)  1456 (m)  CH2  scissor 
1468 (m)  1468 (m)  CH2 scissor 
1486 (m)  1489 (w)  CH2  scissor 
 2075 (s)  2086 (s) CD3 symmetric 
 2114 (s)  2133 (s) CD3 symmetric 
 2120(s)    CD3 symmetric 
 2151(s)   2159 (s) CD3 symmetric 
 2162 (s)   CD3 symmetric 
 2214(s)    CD3 symmetric 
 2251(s)   2258 (m) CD3 symmetric 
 2284 (m)  2289 (s) CD3 symmetric 
2784 (vw)   2780 (vw)   2770 (vw) CH3 symmetric 
2826 (vw)  2835 (w) 2931 (w) CH3 symmetric 
2874 (w)  2886 (w) 2964 (w) CH3 symmetric 
2905(w)  2901(w)   CH3 symmetric 
2929 (m)  2948 (m)  CH3 symmetric 
2965 (s)  2981 (s)  CH3 symmetric 
3040 (s)  3046 (s) 3106 (w) CH3 symmetric 
Table 5.3: Raman frequencies and assignment of MPTMP derivatives. The excitation 
wavelength is 532 nm.  The Raman resolution is 2 cm-1. 
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Table 5.4: INS bands of MPTMP derivatives recorded at 10 K. 

 

 

 

 

 

 

mptmp mptmpd16 dptmp mptmpd20 Assignment 
152 (m) 155 (s) 150(s) 155 (vs) NHN symmetric stretch 
175(m) 172 (m) 174(m)   
 189 (m)    
 203(m)  203(vs) CD3 torsion 
265(s) 262(m) 255(s)  CH3 torsion 
  282(s)  CNC bending 
 297(m)  291(s)  
327(m) 333(s)  318(s) C-S tretch+NHN stretch 
372(m) 358(m) 356(w) 358(s) Triflate rocking motion +NHN 

stretch 
   399(m)  
422 (m) 440(m) 438(vw)   
485 (m) 460 (m)  452 (m) NHN asymmetric 
 475(m)   CCN bending 
511(m)  512(m)  CCN bending 
 577(vw)   CD2 rocking 
 692(w)  641(w) CNC symmetric+C-C 

stretch+NHN stretch 
792(w) 819(m) 769(w) 749(m) C-C stretch+NHN stretch 
  831(w) 836(m)  
936 
(vw) 

 952(w)  CNC asymmetric+CH3 torsion 

1106(w) 1087(w) 1104(w) 1092(m) CNC asymmetric+CH3 torsion 
 1132-1358  1234-

1503(m) 
CD2 scissor 

1482(m) 1464(w) 1304-
1676(m) 

1543-
1745(m) 

NHN bend+CH2 scissor 

 1636(w)    
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B.  N,N,N’,N’-tetramethylcadaverinium monotiflate (MPTMC) 

 Compared to the cyclic geometry of MPTMP, the X-ray structure of MPTMC 

shows to be a dimeric cation with a tête-bêche orientation (Figure 5.23).  The 

diprotonated salt of N,N,N’,N’-tetramethylcadaverine (DPTMC) (Figure 5.23) has a 

linear geometry as well, therefore MPTMC and DPTMC share many of the same 

vibrations apart from the NHN vibrations. 

 

 

 

 

 

 

Figure 5.23: DFT optimized equilibrium geometry of monoprotonated N,N,N’,N’-
tetramethylcadaverine (right) and diprotonated N,N,N’,N’-tetramethylcadaverine  (left) at 
B3LYP/6-31G** level. 
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Figure 5.24: Mid-IR spectra of MPTMC in red and DPTMC in blue. 
 
  

 As shown in the mid-IR spectra of MPTMC and DPTMC in Figure 5.24, their 

major differences are in the highlighted sections. The vibration at 3100cm-1 is associated 

with the regular NH stretch, which is missing in MPTMC. Also there are vibrations at 

462 cm-1 and 821 cm-1 that are unique to MPTMC.  There is a vibration at 1304 cm-1,  

which is present only in the IR of  DPTMC.  The Raman spectra of MPTMC and 

DPTMC are shown in Figure 5.25.  The highlighted sections at 839 cm-1, 1183 cm-1 and 

1267 cm-1 are unique to the Raman spectrum of MPTMC.  
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Figure 5.25: Raman spectra of MPTMC in red and DPTMC in blue.  

 According to DFT harmonic mode vibrational calculations on dimer dication 

MPTMC, there should be an IR active vibration at 461 cm-1 associated with the umbrella 

motion of the (CH3)2NCH2 groups, which in turn is involved in the NHN symmetric 

stretch. There is also an IR active vibration at 819 cm-1 associated with the (CH3)2NCH2 

symmetric stretch of all four amine groups as well as a Raman active vibration at 825 cm-

1 associated with (CH3)2NCH2 symmetric stretch of the head amine group of one chain 

and the tail amine group of the other chain.  Both of these vibrations are also involved in 

the NHN symmetric stretch. The CNC asymmetric stretch occurs around 1250 cm-1, 

which in turn involves in the in-plane NHN bending mode. 
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Figure 5.26: INS spectra of MPTMC in red and DPTMC in blue. 

 The INS spectra of MPTMC and DPTMC are shown in Figure 5.26.  The 

highlighted sections at 419 cm-1, 831cm-1 and 1356 cm-1 are only seen only in the INS 

spectrum of MPTMC.  There is a vibration at 461 cm-1, which is seen only in the INS 

spectrum of DPTMC.  According to DFT harmonic mode vibrational calculations of 

DPTMC, there is a vibration at 485 cm-1, corresponding to (CH3)2NCH2 bending mode, 

which is involved in movement of aliphatic hydrogens. 

 According to DFT harmonic mode vibrational calculations, there is an IR active 

in-plane bending mode at 1598 cm-1 and a Raman active in-plane bending mode at 1599 

cm-1.  There is an IR and Raman active out-of-plane mode at 1618 cm-1.  Neither one of 

these vibrations are seen by IR and Raman.  The gas phase IR spectrum of MPTMC 
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suggests that one of the bending modes occurs at 1350 cm-1.  This vibration cannot 

clearly be seen by solid phase IR, because there is an intense broad vibration from the 

triflate anion in that region, but the INS spectrum of MPTMC does show a small peak at 

1356 cm-1, which might be one of the bending modes. 

 According to DFT harmonic mode vibrational calculations, the Raman active 

NHN asymmetric stretch is at 2492 cm-1 and the IR active NHN asymmetric stretch is at 

2502 cm-1.  Both these vibrations are not present in the experimental IR and Raman 

spectra of MPTMC.  Therefore the NHN asymmetric stretch must be anharmonic and 

cannot be predicted by harmonic calculations.   

C.  Cis-1,5-Diaminocyclooctane monotriflate  

 As described in chapter III, cis-1,5-Diaminocyclooctane monotriflate does not 

form an intramolecular hydrogen bond; instead it forms a chain of intermolecular NHN 

bonds with the neighboring molecule (Figure 5.27).   

  

  

  

 

 

 

 
Figure 5.27: DFT optimized equilibrium geometry of cis-1,5-diaminocyclooctanium at 
B3LYP/6-31G** level showing the intermolecular hydrogen bond. 
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According to DFT harmonic vibrational calculations on the cation of cis-1,5-

diaminocyclooctane forming an intermolecular hydrogen bond with its neighboring 

molecule shown in Figure 5.27, the NHN asymmetric stretch should occur at 1868 cm-1, 

which is not seen by IR (Figure 5.28) or INS (Figure 5.29). The NHN in-plane and out-

of-plane bending modes are predicted to be at 1611 and 1734 cm-1.  The free NH2 in-

plane bending modes are predicted to be at 1669 and 1670 cm-1.  The free NH2 out-of-

plane bending modes are predicted to be at 862 and 870 cm-1.  These vibrations are seen 

by IR.  

 

 

Figure 5.28: Mid-IR (KBr pellet) of cis-1,5-diaminocyclooctanium monotriflate.
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 The INS spectrum of cis-1,5-Diaminocyclooctane monotriflate is shown in 

Figure 5.24.  The CH scissor and rocking modes centered at 1372 cm-1 give rise to the 

dominant feature in the spectrum.  The peak at 812 cm-1 might correspond to the NH2 

out-of–plane bending mode, as calculations predicted.   Calculations also predict CN 

stretch that involves in NHN asymmetric stretch to be at 543 cm-1.  The NH2 rocking 

mode which is also combined with the NHN asymmetric mode is predicted to be at 352 

cm-1.  The CCN bending mode, which is combined with the NHN symmetric stretch, is 

predicted to be at 473 cm-1.  The free NH2 rocking mode is predicted to be at 297 cm-1.  

All these peaks ought to be present in the INS spectrum, and, as shown in Figure 5.24, 

there are vibrations around those regions.  But they are difficult to assign, since the 

spectrum of the deuterated sample is not available. 
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Figure 5.29: INS spectrum of cis-1,5-diaminocyclooctanium monotriflate. 
 
 
III. Summary and Conclusion: 
 
 Vibrations associated with the strong NHN hydrogen bond in N,N,N’,N’-

tetramethylputrescinium monotriflate have been observed in the solid and the gas phase, 

but their assignments are tentative.  The asymmetric stretch is assigned to be at 488 cm-1, 

which is 67 cm-1 lower than the 2D PES prediction.  The peak at 692 cm-1 seen by Raman 

and IR in the solid phase might be one of the bending modes that has shifted to lower 

frequency by 500 cm-1 from the gas phase due to the presence of triflate anion.  The 2D 

PES rules out the possibilities of 703 cm-1 band being a combination band or the second 

harmonic frequency of the symmetric or the asymmetric stretch.
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    APPENDIX 5.1 
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    APPENDIX 5.2 
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CHAPTER VI 

 

 

1H AND 15N SOLID STATE NMR RESULTS OF 

N,N,N’,N’-TETRAMETHYLPUTRESCINIUM 

MONOTRIFLATE DERIVATIVES 
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I. Introduction 

The significance of hydrogen bonding in determining structural and  

physical properties of biological and chemical systems cannot be overstated.  Indeed, 

hydrogen bonds are an important factor determining the structure, stability and function 

of proteins, nucleic acids and polysaccharides, and they play an important role in the 

interactions between enzymes and substrates, proteins and nucleic acids, and drugs with 

target molecules.  Structural characterization of hydrogen bonds, however, is at best 

difficult with most techniques, leaving our knowledge of hydrogen bonding in biological 

systems based predominantly on chemical intuition and gaps in crystal structures.  

Chemical shifts in liquid-state NMR have provided some of the best knowledge on 

relative changes in hydrogen bonding environments, but lack direct correlation with 

actual measures of the degree of hydrogen bonding.  Solid-state NMR offers a direct 

measure of NH distances in hydrogen bonds by means of 15N natural abundance NH 

heteronuclear dipolar couplings.    

These orientationally dependent interactions average to zero in a liquid, due to 

random isotropic motion, but in solids dipolar coupling can be directly observed.  To 

regain adequate resolution from randomly oriented materials, the technique of magic-

angle spinning (MAS) is incorporated, in which the sample is rotated mechanically about 

an angle Ө=Arc Cos(1/√3)  relative to the static magnetic field.   
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II. Results and Discussion 

Crystalline MPTMP-d0 and its deuterated analogues MPTMP-d16 and MPTMP-

d20 (Scheme 6.1) were selected for solid phase NMR studies. The bridging protons of 

MPTMP derivatives are shifted considerably downfield from the CH resonances.  As 

shown in Figure 6.1 and 6.2, the methyl groups and the chemically equivalent CH2 

groups to be 13 ppm downfield from the NHN resonance.   The 15N NMR shows the 

nitrogens to be equivalent (Figure 6.3).   

 

 

 

 

 

 

Scheme 6.1: Protonated diamines selected for solid state NMR. 
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Figure 6.1: Solid state proton NMR of MPTMP-d0.  H2O was the external reference used 
in this experiment.   
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Figure 6.2: Solid state proton NMR of MPTMP-d16 (top), and MPTMP-d20  
  (bottom). 
 

Dipolar couplings between spin ½ nuclei have seen extensive use in measuring 

bondlengths.1 They have proven especially helpful in determining hydrogen bond 

distances in ionic solids.2 In MPTMP-d20 the 15N-1H dipolar coupling was measured 

using natural abundance 15N solid-state NMR techniques at room temperature, using 

Herzfeld and Berger’s method3 to analyze the spinning sideband manifold in the absence 

of proton decoupling, as Figure 6.3 portrays. In the Herzfeld and Berger’s method, one 

can calculate the anisotropy of the shielding tensor from the position and the intensity 

distribution of the sidebands.  Because the CHs were found to complicate data acquisition 
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and analysis, the results below are reported for the d20-analogue, in which there is only 

one proton coupled to nitrogen. 

 

 

 

 

 

 

 

  

 

 

Figure 6.3: 15N Natural abundance solid state NMR of MPTMP-d20 with magic angle 
spinning (a) without and (b) with 1H decoupling.  The experimental progression of 
sidebands in (a) is reproduced in blue, with the fitted curve in red superimposed upon it; 
the inset shows residuals from this fit. 

 The asymmetry in the spinning sidebands is due to the tensorial combination of 

the 15N chemical shift anisotropy (CSA) and the 15N-1H dipolar coupling.4  The 15N CSA 

tensor was independently measured under static cross-polarization (CP) conditions to 

have an anisotropy of δ = -473±16 Hz and an asymmetry of η = 0.70±0.07 (all errors are 

95% confidence intervals), corresponding to principal components of the chemical shift 

tensor Rxx = 46.0±0.8 ppm, Ryy = 37.8±0.8 ppm, and Rzz = 24.2±0.8 ppm.  These 

parameters were used in the analysis of the spinning sidebands in Figure 6.3.  To fit the 

dipolar coupling a grid of spinning sideband intensities for the combination of the 
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measured CSA values and dipolar coupling ranging from 50 to 8,000 Hz and (grid 

spacing of 50 Hz) was generated.  A least-squares fit gives a dipolar coupling constant of 

D15N-H = 5250±90 Hz. As the anisotropy is relatively small compared to the dipolar 

coupling, the sideband manifold was found to be essentially insensitive to the relative 

orientation of the CSA and dipolar tensors. The experimental value of D15N-H corresponds 

to an average NH distance of 1.324±0.008 Å. 

 As discussed in chapter IV, the DFT calculated one-dimensional potential energy 

surface predicted NH distance of 1.302 Å.  The four-dimensional potential energy surface 

predicted NH distance of 1.322 Å.  Both theses values are close to the experimental 

finding.   

 

 

 

 

 

Scheme 6.2: N,N,N’,N’-tetramethylputrescine cation-d19. 

 According to LC-MS of the MPTMP-d20, the sample is 98.9 atom% deuterated. 

Incomplete deuteration is seen in the 1H solid state NMR spectrum.  To find the multiple 

spin affect on the NH distance, D15N-H was calculated for MPTMP-d19 shown in Scheme 

6.2.    Numerical stimulation of a three spin system in which a second proton is located 

2.6Å away from the nitrogen and perpendicular to the NHN bond was carried out to 

investigate the effect on the sideband intensities.  The sideband intensity was only 

(CD3)2N N(CD3)2H
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marginally different from the intensity in the absence of the additional proton.  Upon 

fitting the side band for this worst case systematic error to the side band grid generated 

for the ideal two spin system, the extracted dipolar coupling only increases by 50 Hz 

giving an apparent NH bond that differs by 0.0045 Å.   

 

III. Summary and Conclusion: 

 The average NH distance calculated from the 1D and 2D zero point 

wavefunctions of isolated N,N,N’,N’-tetramethylputrescine cation agree closely with the 

15N natural abundance SSNMR results of MPTMP-d20, which indicate that the N1H 

distance=N2H distance=1.324±0.008Å.  Incomplete deuteration of the alkyl chain of 

MPTMP-d20 has a negligible effect on the NH distance. 
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