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The Binding of Ninhydrin to 

Amino Acids, Peptides and P~oteins: 

Studies by Electr.on Paramagnetic 

Resonance Spectroscopy 

Abstract 

Janet Katherine Allen 

The reaction of ninhydrin, 2,2-dihydroxy-l,3-indandione, 

with the amino groups of amino acids, peptides and proteins 

produces free radicals which may be studied with electron 

paramagnetic resonance (EPR) spectroscopy. The production 

of ninhydrin-amino-acid free radicals requires an organic 

solvent, optimally 90 percent ethanol-10 percent water. The 

largest yields of free radicals are obtained if the solutions 

contain NaCl, ascorbic acid and NaH003 as well as the ninhydrin 

and amino acid, peptide or protein. The observable EPR 

spectral parameters of the ninhydrin-amino-acid free radicals 

(line widths, hyperfine splittings and line shapes) are 

determined by the amino-acid side chains and by the position 

of the amino acid residue in the peptide chain. Free radicals 

formed with lysine, arginine, alanine, tryptophan, proline, 

aspartic acid, phenylalanine, glycine, methionine, and 

isoleucine have been studied. EPR spectra at X-band (9.2 GHz) 

and K-band (23 Gllz) microwave frequencies indicate that the 

spectra are produced by hyperfine splittings from two nuclei 

iii 



with nuclear spins of I = 1 and I = 1/2. A comparison of 

the free radicals of N
14

-alanine and N
15

-alanine identified 

the amino acid amino-nitrogen as the I = I nucleus responsible 

for a portion of the hyperfine splitting. Ratios of the 

hyper fine splittings from the I = 1/2 and I = 1 nuclei 

implicate the amino acid CU-hydrogen as the I = 1/2 nucleus 

responsible for the additional hyperfine splittings. Power 

saturation studies indicate that the ab'sorption lines are 

inhomogeneously broadened, i.e., the apparent absorption lines 

are merely envelopes containing many narrow spin packet lines. 

These spin packet lines originate from the protons on the 

benzenoid ring of ninhydrin and on the amino acid side chain. 

The behavior of spectral line width parameters with variations 
, 

of t~mperature or solvent indicate that the free radical is 

hydrogen bonded to a solvent molecule; the solvent is the 

hydrogen-bond acceptor and the CU-hydrogen of the amino acid 

residue is the hydrogen-bond donor. All of the evidence 

indicates that structure LVIII is the chemical formula for 

ninhydrin-amino-acid free radicals, and a reaction mechanism 

for obtaining structure LVIII is discussed • 

• N-C 

1 
OH H 

LVIII 

iv 
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Since ~ probe which quickly and easily identifies 

amino acids and amino-acid residues ~n peptide chains poten-

tially has a great variety of biochemical uses, several 

exploratory experiments have been carried out. For example, 

if the ninhydrin molecule is bonded to the N-terminal amino-

acid residue of a peptide chain, at least the last residue, 

and possibly subsequent amino acids should be distinguishable. 

Under conditions which produce ninhydrin-amino-acid free 

radicals, £-amino groups as well as a-amino groups become 

free radicals. In order to eliminate interference from these 

£-amino free radicals, the £-amino groups of lysine and bovine 

serum albwnln (BSA) were guanidinated. Free radicals were 

also formed with the dipeptides, alanyl tryptophan and 

tryp~ophanylalanine; their spectra are easily distinguishable. 

Although the £ormation of ninhydrin~amino-acid free radicals 

is potentially a very useful biochemical tool, in practice, 

the method's utility may be limited by the solubility of 

peptides and proteins in organic solvents. 

, l .I 
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CHAPTER I 

INTRODUCTION 

The major premise of modern biochemistry is that all 

of the properties of living organisms are inherently 

explicable by molecular interactions [130]. Almost all bio-

chemical molecular interactions are catalyzed by enzymes 

which mediate the formation and destruction of covalent 

bonds. Enzymes are proteins, polymers of amino acid residues. 

Proteins may also form cellular structures, membranes and 

organelles. Proteins are by far the most abundant class of 

biological polymers -- about 50 percent of the dry weight of 

a cell is protein [67 ]. At the present time, however, a 

knowledge of the protein structure is insufficient to predict 

protein function, although this knowledge is a very useful 

preliminary step in understanding the function of the protein. 

Several methods for determining protein structure are 

available: x-ray crystallography can determine the molecular 

architecture of stationery states, but cannot determine the 

structure of intermediate protein conformations because the 

time required to collect diffraction data is very long com

pared to the time during which protein intermediate states 

exist. Furthermore, the analysis of protein diffraction data 

can require years, and presently x-ray diffraction cannot 

detect changes in the atomic coordinates of less than 0.01 nm 

[23]. Studies with spectroscopic probes have circumvented 

- 1 -



some of the limitations of x-ray crystallography, however 

they also have limitations. Generally a spectroscopic 

probe supplies less total information than x-ray crystallo

graphy, however spectroscopy can answer specific questions~ 

The behavior of any molecular subregion may be studied by 

studying the spectroscopic behavior of a specific group of 

atoms in that region. Ideally a probe will not alter the 

molecule under s,tudy i the least disruptive probes are those 

which are present in the native protein molecule or its 

surroundings-- ~, protons which may be studied with nuclear 

magnetic resonance, NMR, spectroscopy. Unfortunately, suit

able probes are not always present in the regions of interest, 

and the experimenter must introduce probes into the system--

~ an artificially produced spin label may be added to a 

system which may then be studied with electron spin resonance, 

ESR, spectroscopy. Any ESR probe must contain one or more 

unpaired electrons and therefore contain an electron magnetic 

moment that will be aligned in an applied magnetic field, 

creating then a number of quantized molecular energy levels. 

ESR, like other types of Spectroscopy, quickly and 

easily measures molecular properties with the molecule in 

solution, rather than in a crystalline form. It has the 

further advantage that it can measure small quantities of 

sample (~lO-8 moles). 

~OH 
~OH 

. 0 

1 

-2-
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Another type of chemical probe, the dye ninhydrin, 

I, may be used as an ESR spectral probe. The reaction of 

ninhydrin with amino acids, peptides, or proteins produces 

free radicals, i.e., molecules with unpaired electrons, free 

radicals which are then detected by ESR spectroscopy. 

Yuferov, et al., [140] and Kharitonenkov, Yuferovand 

Kalmanson [58] found and described ninhydrin-amino-acid 

free radicals, typical ESR spectra are shown in Figure 5.1. 

The ESR spectral parameters of the free radicals are easily 

measurable and distinctive viz hyperfine splitting constants 

. and line widths. The parameters are determined by the chemi

cal structure of the side chain of each amino acid [140, 58.] 

In this work, the chemical nature of the ninhydrin-amino-acid 

free radical itself will be studied along with possible uses 

of this free radical in studying protein structure. For 

example, it may be possible to use the ninhydrin-amino-acid 

free radical as a spin label. Furthermore since shapes of 

the free radical spectra are determined by the nature of 

the amino acid side chain, the free radical might be used 

to identify amino acids. Chapter II summarizes the theory of 

ESR spectroscopy for this application. Chapter III sununarizes 

the published information about ninhydrin in general and the 

ninhydrin-amino~acid free radicals in particular. Chapter IV 

discusses the experimental methods and materials used in 

this work. Chapters V and VI discuss experimental results, 

and the conclusions are then discussed in Chapt~r VII. 

- 3 -



CHAPTER II 

THEORY OF ELECTRON SPIN RESONANCE SPECTROSCOPY 

The basic theory of electron spin resonance (ESR) 

spectroscopy will be discussed only briefly as many excellent 

treatments of ESR theory exist. For more extensive treatments, 

refer to Poole [ 91], Carrington and McLachlan [ 19], Slichter • 

[117], Assenheim [5 ], and Abragam [ 2 ]. 

A free electron has a spin and a charge; therefore, 

* the electron has a magnetic moment: 
'" - "' ... 

lle = -g S S, (2.1) 

where: 

S = spin quantum number of the free electron. 

g = a tensor whose elements are determined by 

the electronic environment. For many un-

paired electrons in molecules, g may be 

treated as a constant. For a free electron, 

g = 2.0023. 

S = Bohr magneton = ~/2mc, 
where: 

e = the charge on an electron 

'fl = Planck's constant divided by 2n 

m = electron mass 

c = speed of light 

therefore 8 = 0.92731 x 10-20 erg/gauss. 

* All symbols will be defined the first time they appear. They 
will also be defined in Appendix III. 

- 4 -
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When a steady magnetic field, H , is applied (in the o 

z-direction) to a free electron, the magnetic moment inter-

acts with the steady field. This interaction, the Zeeman 

interaction [ 19], produces two energy levels, which may be 

defined by the Hamiltonian: 
""Ll ~ ... 
/7""':. - - ~ • H o e 0 

(2.2) 

... 
If S is the projection of the spin quantum number, 5, along 

z 

the axis of quantization, in this case, the z-axis. Substi-

tuting Eqn. 2.1 into Eqn. 2.2, 

?:fo = gBS H z 0 • (2.3) 

For a free electron, S is either +1/2 or -1/2. From Eqn. 2.3, 
z 

the lower. energy level corresponds to S = -1/2. 
z 

Electrons in molecules also have Zeeman interactions 

with a steady magnetic field. However, paired electrons have 

equal interaction energies of opposite signs that cancel each 

other. Therefore, ESR spectra are only observed if the mole-

cule has one or more unpaired electrons and is, by definition, 

a free radical. These paramagnetic molecules usually have 

one to five unpaired electrons. 

At thermal equilibrium, the internal energy of the 

spin system is distributed according to Boltzmann's law. This 

creates two nearly equal populations of molecules. The lower 

energy state has the larger population. Transitions between 

states may be stimulated by a small oscillating magnetic 

field, TIl' perpendicular to ~o' the larger steady magnetic 

field. Stimulated transitions from one state to another 

- 5 -



occur in proportion to the number of molecules in the initial 

state. Since there are more molecules in the lower state than 

the upper, there are more transitions from the lower to upper 

state, and there is a net absorption of energy. As energy 

is absorbed, the populations of molecules in the states approach ~, 

equality, and progressively less energy is absorbed. This 

phenomena, saturation, distorts line shapes and diminishes 

line intensities in ESR spectra [ 92]. 

The system will absorb energy only at frequencies which 

satisfy the resonance condition: 

(2.4) 

where: 

h = Planck's constant 

v = frequency of the incident energy. 

For a free electron, 

-v - (2.5) 
gauss 

Generally, microwave frequencies (1010 - loll Hz) are 

used for ESR spectroscopy because low noise microwave sources 

are readily available. Also, if the radiation has a frequency 

much lower than microwaves, radiation detector noise becomes 

a problem. If the radiation frequency is between microwaves 

and far infrared, the production of strong, monochromatic 

radiation is more difficult. 

The moment of an unpaired electron may interact with 

other nearby magnetic moments. Many nuclei have nonzero 

magnetic moments (see Table 2.1). When an unpaired electron 

- 6 -
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interacts with one or more nuclear spins, there are addi-

tional terms to the Hamiltonian ( 8 ]: 

The first two terms represent the electronic and nuclear 

Zeeman energies. 

Table 2.1 

Magnetic Moments of Nuclei of Biological 1nteresta 

~ucleus Moment (I) 

1 
Hl 1/2 5.585 

1 u
2 1 0.857 

6 c
12 0 

6 
c13 1/2 1. 405 

7 N
14 1 0.403 

'N15 
7 1/2 -0.567 

8 
016 0 

8 0
17 5/2 -0.757 

8 
018 0 

a 
Data from Carrington and McLachlan [19 ]. 

(2.6) 

Usually, the nuclear Zeeman energy term is negligible compared 

to the electron Zeeman energy and is not considered. Thethird 

and fourth terms represent the hyper fine interaction which 

splits the Zeeman energy level into (21 + 1) levels. The 
-:-

third term is the isotropic hyperfine interaction and a is a 

tensor. For radicals in solution, it usually may be treated 

as a constant, the isotropic hyperfine splitting constant, a, 

- 7 -



is proportional to the squared amplitude of the unpaired 

electronic wave function at the nucleus: 

a i = 83
1T 

g6gi 6 i I'¥ (0)1
2 , (2.7) 

where: 

gi = nuclear g-factor for nucleus i, a dimensionless 

constant, nuclear g-values are given in Table 2.1 

and 

6i = nuclear magneton e~/2Mc • 0.50504 x 10-23 erg/gauss. 

where: 

M .. proton mass. 

I~(o) t = amplitude of the wave function of the 

unpaired electron in the nucleus with 

the magnetic moment. 

1'¥(0)12 is nonzero only where the electron has a finite prob

ability density of being in the nuclear volume. The s-orbital 

is the only orbital without a node at the nucleus, therefore, 

in order to have a hyperfine interaction, the unpaired electron 

must be in an orbital with some s-character. 

The fourth term in Eqn. 2.6 is the anisotropic hyper-

fine interaction. B is a traceless tensor in the molecule-

fixed principal axis system. In gases and liquids, this 

.. 

anisotropic hyperfine interaction averages to zero [8 ]by the • 

very rapid molecular reorientations. However, in glassy solids 

or powders, the spectrum represents a statistical average of 

the accessible molecular energy levels. Spectral lines 

apparently occur at fA + 2BIM. [ 66 ] • 

- 8 -
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In order to distinguish between structure in the 

spectrum due to a contact interaction and spectral lines 

due to an anisotropy in the g-value, spectra may be taken at 

two different frequencies. Examining Eqn. 2.6 and the two 
~ .... ..:. ~ 

terms, a (5 • I) and g f3 (5 • ti), it is apparent that the 

hyperfine term, a (~ • f) does not depend on either the mag-
~ ~ 

netic field or the frequencYi however, the term g 6 (5 • H), .. 
depends on H, which is a function of frequency as shown in 

Eqn. 2.4, 

(2.4) 

Consider the two microwave frequencies X-band, about 

9.2 GHz, and K-band, about 23 GHz and let 

and 

V K = the K-band microwave frequency 

Vx = the X-band microwave frequency 

HK = the stationary magnetic field where the 

microwave frequency is from the K-band 

klystron. 

HX .., the stationary magnetic field where the 

microwave frequency is from the X-band 

.klystron. 

At K-band frequencies, neglecting the very small nuclear Zeeman 

energy, and using the Zeeman energy quantized on the z-axis, 

as in Eqn. 2.3, Eqn. 2.6 becomes, 

~/- ~ ~ 
~K = g 6 5 H + a (5 • I) 

z K 

~ ~ .... 
+ (5 • B • I)i 

- 9 -
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and substituting Eqn. 2.4 into Eqn. 2.8, 

~K 
~ ~ 

= h S v + a (S . I) 
z K 

A 
A .... .A 

+ (S . B . 1) (2.9) 

Similarly, 
" 

Ji. x 
.a • ~ " .... 

= h Szvx + a (S . I) + (S . B . I) • (2.10) 

The change in the position of any given Zeeman absorp- '" 

tion line ongoing from X-band to K-band would be the differ-

ence between Eqn. 2.9 and Eqn. 2.10: 

1-1 K +)lx = h ~ z (V K - v X) (2.11) 

Dividing Eqn. 2.11 by the electronic Zeeman energy in 

Eqn. 2.8, 

(2.12 ) 

If the structure in an ESR absorption signal is due to 

an anisotropic g-value, and if v K = 23 GHz and Vx = 9.2 GHz, 

then the spacing between two adjacent lines in the X-band 

spectrum increases by 150 percent in the K-band spectrum. 

The radiation absorption envelope of microwaves is 

not a perfect o-function, as the absorption lines are broadened 

by the very weak coupling between paramagnetic moments, and 

by the finite lifetimes of the spin states, which broaden the 

spectral line by 

where: 

llv=!... , (Heisenberg Uncertainty Principle) 
llt 

(2.13) 

llt = the lifetime of the spin states involved. 

- 10 -
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Undistorted and unsaturated ESR absorption lines from 

dilute free radicals in solution most often exhibit the 

Lorentzian line shape [19 ]: 

where: 

y (w) =: 

n(l + 
2 

T (w-
2 

, (2.14) 

T2 = the spin-spin relaxation time. T2 is produced 

by slight variations in the relative energies of 

the spin energy levels. 

w = angular frequency, 

where: 

w == " and v = (2.15) 
2n 

from Eqn. 2.4, 

~ = the center point of the theoretical line shape. 

The Gaussian line shape is next most common as found in many 

biological applications. 

T2{ 2 2)19 Y (w) == - exp- [ (1/2) T (w- w) ] 
21\" 2 0 

(2.16) 

Theoretical predictions of the relationship between the 

ESR absorption.line shape and the microwave power at the sample 

have been made by Bloch [ 9" 10,.11 1 and have been reviewed 

by Carringt,on and McLachlan [19 ] and Poole and Farach [92 ] • 

Since Bloch's equations are presented elsewhere and since the 

derivation and discussion of the equations can be rather 

complex, merely the final equation, Eqn. 2.17, is presented. 

- 11 -



Eqn. 2.17 is used to analyze power saturated or distorted 

absorption lines • 

where: 

. ~ = ytw) = T2 
dH n 

1 , (2.17) 

X" = the complex part of the magnetic susceptibility. 

The H-component of the radio frequency field is 

2 - iw t d' .., ':) - iw t Hle an ~ts magnet~zat~on l.S ,-~X(W)Hle , 

where X(w) may be complex: 

X(w) = X'(w) + X"(w) (2.18) 

Tl = the spin-lattice relaxation time. Tl is due to the 

finite lifetime of the excited states before ther-

mal equilibrium is restored. 

HI = the strength of the magnetic component of the 

microwaves. 

= ~, P is the power in the microwave field at the 

sample. 

y = the gyromagnetic ratio, 

= 96 
h 

- 12 -
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CHAPTER III 

A REVIEW OF THE PROPERTIES OF NINHYDRIN 

The free radical dye, ninhydrin, has been used as a 

,,' quantitative measure of amino acids, peptides and proteins 

in solution. (Other names for ninhydrin are, 

triketohydrindene hydrate, Ruhemann's reagent and 2,2-

dihydroxyl-l, 3-indandione). 'l'he molecular weight of ninhydrin 

is 178.04; its yellow crystals turn red at 125°-140°C and 

melt with decomposition at 241°C. [45, 128, 109] McCaldin [ 68] 

reviews the physical and chemical properties of ninhydrin 

extensively. The carbon skeleton numbering scheme is shown 

in Figure 3.1 • 

• • 

F'igure 3.1: The scheme for numbering the 

carbon skeleton positions in ninhydrin and 

in any ninhydrin residue associated with a 

free radical. Chemical groups bonded to the 

carbon skeleton will be given the number of 

the nearest carbon atom, e.g., 

- 13 -



Many of the properties of ninhydrin have been predicted 

by comparing it with alloxan: 

o 
II 
C 

/ '" /OH H-N C 
"OH 

The ninhydrin free radical, produced in the reduction of 

ninhydrin, has also been compared with semiquinone free 

radicals, ~., parabenzosemiquinone: 

o 

o 

- 14 -
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A. The Structur.e .of Ninhydrin 

1. Dimensions of Indantrione 

Although ninhydrin crystallizes easily, it has not been 

studied by x-ray diffraction; Bolton [16, 17 ] however, has 

studied indantrione, II, "anhydrous ninhydrin." 

° 
M,~ 0, 0-10 

a b 

-
Figure 3.2: a. Indantrione; b. Bond 

lengths and angles of indantrione. 

b. has been reproduced from Bolton 

[17 ]. 

'Indantrione, II" is planar with' a two-fold axis of synunetry 

passing through C2=O. Bolton compares the experimental bond 

lengths with those calculated using the method of Pauling [ 86], 

and found systematic differences between the calculations 

and the experimental data. These differences are consistent 

- 15 -



with a resonance contribution of about 7 percent from the 

following charged forms of the molecule: 

III 

e o 

AND 
o 

o 

o 

IV 

Bolton notes that thec
2

=0 bond length is considerably shorter 

than 0.121 nm which is calculated for this bond. Bolton 

speculates that a small positive charge on the C2 carbon, 

produced by the shift of electrons away from C2 by the 

carbonyl groups in positions 1 and 3, shortens the carbonyl 

bond electrostatically. An alternative, but less attractive, 

explanation for the bond shortening would involve resonance 

structures without bonds between the Cl carbon and C
2 

carbon 

(or between C
2 

and C3 >. Bolton prefers the theory that a 

positive charge is built up on C2 because this theory is more 

compatible with the hydrogen bonding found in crystals of 

indantrione, shown in Figure 3.3. 

- 16 -
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Bolton [17 

, 
,.J 

, .. ~.. ' ) 

Figure 3.3: Intermolecular hydrogen 

bonding in the tetragonal cryatalof·indantrione 

with space group 14 . cd indantrione also 
1 

crystallizes in an orthorhombic form, 

space group Pbca ' This figure has been 

reproduced from Bolton [ 17]. 

identifies two crystalline forms of indantrione--

a tetragonal form and an orthorhombic form. In the tetragonal 

form, the indantrione molecules are approximately in layers; 

the C2 of each indantrione molecule is approached on each 

side of the molecular plane by Cl:r:O and C 3=O of other mole

cules, creating the hydrogen bonded structure. 

2. The Relationship Between Indantrione and Ninhydrin 

If a small positive charge is found on the C
2 

carbon 

in indantrione it probably will also be found in ninhydrin. 

There are two reasons for the charge on indantrione (17 ): 

- 17 -



(1) The electron withdrawing effects of Cl=O and 

C
3

=0 attached to C
2

" 

(2) The effect of the carbonyl oxygen, O2 , attached 

to C2 " 

In ninhydrin, as in indantrione, the two carbonyl 

groups are attached to the C carbon and this contributes to 
r-. 2 

the positive charge. In ninhydrin, the carbonyl oxygen attached 

to C2 is replaced by two hydroxyl groups" Both the carbonyl 

oxygen and hydroxyl groups are electron withdrawing groups 

[ 75 ]" The carbonyl group, however, has a stronger withdraw-

ing effect than the hydroxyl group, but there are two hydroxyl 

groups [6 ], resulting in a slight positive charge on C • 
2 

3. Molecular Orbital Calculations 

Several groups calculate molecular orbitals for the 

anion of indantrione [120, 105, 116]: 

,..---1==0 

The results of the calculations are shown in Table 3.1. 

The spin density in Table 3.1 is related to the time the 

unpaired electron spends on each nucleus, and can be compared 

to experimental hyperfine splittings. Even though the cal-

culations do not agree completely, obviously, the negative 

charge is delocalized into the n-orbital on the six-membered 

ring and the unpaired electron rests approximately equally 

on all of the oxygen atoms. 

- 18 -
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Table 3.1 

Spin Densities on Indantrione Anion (A Single Charge) 

Sioda and KOshi [ 116] 
Streitweisera Russel et ale Huckel ca1cula- McLachlan calcula-
[120 ] [lOS) -- tiona tions 

C
l 

and C
3 --- --- 0.129 0.146 

o = C
l

, 0 = C
3 --- --- 0.065 0.058 

C2 --- --- 0.311 0.343 

o = C2 --- --- 0.157 0.136 

C4 and C7 0.0402 -0.0005 0.037 0.040 

Cs and C6 0.0607 0.021 0.024 0.018 

Cs and C9 --- --- 0.011 -0.001 
-- -~----- -~ --- ---- ----- ----~--~.- ---

aStreitweiser uses c=o 

for the calculations instead of ninhydrin itself; this structure gives results that 
Streitweiser believes agree more closely with published experimental results than 
molecular orbitals calculated from structure V. 

,-

f 
\ -
, .. 
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West and Powell [132] calculate the net charges on the 

atoms of the double anion, VI, 

;.--.....::0 

VI 
The results appear in Table 3.2. 

Table 3.2 

Net Charges on Atoms in Indantrione 

in a Doubly Charged Anion [l32]a 

Net Charge 

C
l 

and C
3 

+0.174 

o = C l' 0 = C3 -0.695 

C
2 

C2 

C
3 

C5 

Ca 

-0.154 

= 0 -0.919 

and C7 +0.055 

and C
6 

+0.024 

and C 
9 

-0.021 

aThese are net charged rather than spin 

densities. This anion does not have an 

ESR spectrum. It is interesting to note 

that the negative charge is mostly on the 

oxygen and does not delocalize appreciably 

into the six-membered ring; in fact, the 

n-electrons are slightly withdrawn from 

this ring. 
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B. The Interactions of N~nhydrin With Solvents 

Schonberg and Moubasher [109] believe that ninhydrin 

resonates between the forms, 

0 OHe 

Oe 
OH OH ... ~ 

0 0 

VII 

because ninhydrin is readily soluble in polar solvents and, 

for an organic compound, it is relatively stable to heat 68]. 

Alternatively, ninhydrin might be stabilized by a 

hydrogen bonded structure as suggested by McCaldin [68 ]: 

O···············H 
0"" 

0, 
.. H 

VIII 

In the structure VII, the (carbonyl) O ••• H - 0 (hydroxyl) 

distance is 0.318 nm, an unusually large distance for a 

hydrogen bond, for example, the O ••• H - 0 distance in ice is 

0.276 nm. [86] If hydrogen bonding does occur in ninhydrin, 

- 21 -



it would produce a five-membered ring which might be 

strained; however, other five-membered hydrogen-bonded 

rings are known; for example, colchicine. [32, 33] 

Indantrione, II, 'reacts with water to yield ninhydrin. 

Ninhydrin then may further react with water .to yield a 

dihydrate, IX. [59] The reaction sequence is: 

0 0 

~o ((11 0 g~ 
. OH 

~ OH 

II I IX 

Knoche et al. [59 ] measure the equilibrium constants 

3 = 2.9 x 10 , KH 
2 

+ = 0.31 _ 0.94). 

Holleck and Lehmann [51, 52 ] find that in water 

ninhydrin ionizes, 

o o 

with a pK of 8.6. 

Byrn and Calvin [18] study the rate of exchange of 

the oxygen attached to C
2 

of indantrione using infrared 
18 18 

spectroscopy to detect the exchange of ° from D2 0 to 

18 18 
specific sites on the molecule. D

2
0 is used because H

2
0 

- 22 -
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-1 
. has a very strong absorption peak at 1650 cm which would 

interfere with the measurements. The acid-catalyzed reaction 

is initiated by mixing 0.1 gm of indantrione, II, with a 25 

18 
to 50 fold excess of °20 and with 50~1 of O.OlN Hel in 

tetrahydrofuran. The 018 exchange in indantrione reaches 

equilibrium 1~5 hr, after the start of the reaction. The 

general acid-catalyzed mechanism proposed for the reaction is: 

18 , .. , 
0- 0 

I 
o 

18 ..oIl- - , I ~ - -, ,.- "-
0--- 0 - C~O -'H---CI 

I I 
o 

Fast .. ~ 

XI 

All steps in the reaction sequence are reversible, and the 

final 018-ninhydrin, XI, would be produced in the back 

reaction. Under basic conditions the 018 exchange between 

indantrione and °2018 reaches equilibrium less than ,5 minutes 

after the reaction is initiated. The reaction started by mix-

ing 0.01 gm of indantrione with a 25 to 50 fold excess of 

°2018 aI?-dwith 50 ~l of pyridine; the pyridine served as 

the solvent as well as the base. The general base-catalyzed 

mechanism for the reaction is: 

- 23 -
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1BO-C-OH 

I I 
o XII 

Again, OlB-ninhydrin, XII, would be produced in the back 

reaction. The reaction is rapid because the keto-groups 

in locations 1 and 3 withdraw electrons from location 2 and 

leave it slightly positively charged and therefore suscepti

ble to attack by the negatively-charged basic group. 

During the development of the quantitative ninhydrin 

test for free amino groups, many experimenters also tested 

nonaqueous solvent systems; as there are two reasons for 

preferring a nonaqueous solvent: (1) ninhydrin in water 

deteriorates with time, and (2) Ruhemann's purple, XXVIII, 

is produced more nearly quantitatively in nonaqueous solvent 

systems.- As a result, there is an extensive literature on 

the relation between the production of Ruhemann's purple and 

the solvent employed; Table 3.3 summarizes this information. 

Heuzil and Breton (122] suggest that the increased produc-

tion of Ruhemann's purple, XXVIII, in nonaqueous solvents is 

due to the presence of appreciable quantities of uncharged 

amino acids. From their results and from Bolton's [ 17] 

- 24 -
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Reference 

Harding & MacLean 
(1915) [ 46] 

Moore & Stein 
(1948) [ 79] 

'l'roll & Cannan 
(1953) {12S] 

Yernm & Cocking 
(1955) [138] 

Heyer (1957) 
[ 78] 

Neuzil & 
Breton (1957) 
{ 83] 

Table 3.3 

Summary of the Effects of Various Solvent Systems 

on the Production of Ruhemann's Purple 

The most highly recom
mended solvent system 

6.25% pyridine-
93.75% water 

Sodium citrate 
buffer 

20% pyridine, 64% phenol, 
16% water 

44% methyl cellosolve 
(CH

3
0CH

2
-CH

2
0H) , 

S6% buffered water 

Ethanol 

t-butanol 

Comments about the most 
highly recommended 
reaction scheme 

Unbuffered 

pH = 5, SnC1
2

'2H
2

0 

added to the ninhydrin 
solution to stabilize it 

Other solvent systems 
tested by these 
authors 

Several pyridine
water solutions of 
various concentrations 

Butanol-water, butanol
benzyl, alcohol-water, 
methyl cellosolve
water 

hydrindantin and ninhydrin Alcohol, dioxane, 
are both included as methyl cellosolve, 
reactants pyridine, phenol 

pH = 5, KCN to stabilize 
ninhydrin 

EDTA to stabilize the 
ninhydrin solution 

Studied concentrations 
of reactants carefully 

n-butanol, water-n
butanol mixtures, 
water~ethanol mixtures, 
water, and n-butanol 

Water, methanol, ethanol, 
isopropanol, methyl 
cellosolve, cellosolve, 
l,4-butanediol, t-butyl
alcohol, and water 
mixtures of some of 
the alcohols 

,.-
, '-

r~ --
L 

\.,. -

r 
j; -

.... 



N 
C\ 

Reference 

Rosen, Bernard 
& Levenson 
(1962) ( 99J 

Lee & Takashi 
(1966) [ 64) 

. \ 

Table 3.3 (Continued) 

The most highly recom
mended solvent system 

Ninhydrin reagent for use 
with automated amino 
acid analyzer--67% 
methyl cellosolve, 
33% buffered water 

55% glycerol, 
45% aqueous citrate 
buffer 

' . 

Comments abouttne most . Otner--soIvent systems 
highly recommended tested by these 
reaction scheme authors 

NaCN to stabilize the 
ninhydrin, sodium 
prop10nate buffer 

pH = 5.5 

water, various concentra
tions of methyl cello
solve and water 

Various different per
centages of glycerol 
and aqueous buffer 



. , , 
.' j.. <_01 

observation that C
2 

of indantrione has a small positive charge, 

it is possible to speculate that the reaction is slower in 
. + 

water because the initial step involves the attack of the -NH3 

group on the slightly positive C2 of ninhydrin, a step which 

is electrostatically unfavorable; it is much more favorable 

for the uncharged amino group, -NH
2

, to attack the C
2 

of 

ninhydrin. 

Indantrione forms charge-transfer complexes with a 

se'ries of aromatic hydrocarbon solvents [ 65], as shown in 

Table 3.4. Lepley and Thelman [ 65] determine an electron 

affinity of 1.1 eV for indantrione. 

Table 3.4 

The Charge-Transfer Absorption Maxima 

of Lowest Energy for Complexes of 

Indantrione and Hydrocarbons [ 65] , 

Charge-Transfer 

Donor 

Anthracene 

Hexamethylbenzene 

[2.2]-Paracyclo-
phane 

Perylene 

PYlene 

Triphenylene 

Absorption Maxima 
(A, nm) 

503 ± 5 

433 ± 5 

395 ± 15 

560 ± 5 

481 ± 5 

405 ± 10 
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c. Synthesis 

'rhere are several methods of synthesizing ninhydrin. 

In 1910, Ruhemann [100} synthesized ninhydrin accidentally 

while attempting to oxidize, 1-indanone, XIII, to 1,2-indandione, 

XIV, 

o o 

o 
TO 

Ruhemann's synthesis, shown schematically, is: 

o 

~ 
N-C6 H4-N (CH3)2-P 

N-G6 H4-N (CH3 )2-P + H2Sa. + ~O 

- 28 -
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Kaufman [57 1 claims an earlier synthesis by reacting sodium 

metal with 2,2-dibromo-l,3-indandione; the product being 

treated with hydrogen peroxide to yield ninhydrin. Kaufman 

found the melting range of the product was 190-206°C; the 

presently accepted melting point for ninhydrin is 241°C 

[45, 128, 109 ]. Ninhydrin also may be prepared by boiling 

2-bromo-2-nitroindandione in nitrobenzene [128] or by boiling 

selenium dioxide and 1, 3-indandione in dioxane and water [122,]. 

Feiser [ 34] describes a synthesis which starts with a double-

ester condensation of dimethylphthalate with ethyl-acetate 

as shown in Figure '3.4. For a more extensive discussion of 

synthesis of ninhydrin, see McCalden [68 ]. 

o ~o HNO, -
Dimethyl phthalate Indane-I,3-dione 2-nitraindane-

1,3-dione 

0 0 0 0 0 
(LIS' CUO (LIsr (LL0H H (LI~H I NO,_ 

""I ° 
+ I S,_ I OH + >-H + 

"" 0 "" 0 
~ 0 H "" 0 

2-nitro-2-bromo- Indane-I,2,3- 2,2-dibromo- Ninhydrin XV 
indane -1,:3 - dione trione 1,3-dione 

Figure 3.4: Feiser's synthesis of 

ninhydrin [34 ] • 

D. 'Physical Properties 

Ninhydrin, when crystallized from ethanol solution, 

forms yellow prisms; and in polar solvents yellow solutions 

are formed. If solid crystalline ninhydrin is exposed to 

sunlight, a red-orange compound is formed [68] .On heating 

crys,talline ninhydrin, a red or pink compound forms at 
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125-130 o C; at 130-140 oC, solid ninhydrin becomes a deep 

purple-red and at 241°C ninhydrin melts and simultaneously 

decomposes [45, 128, 109 ]. 

The optical absorption peaks of ninhydrin are shown 

in Table 3.5. Ninhydrin has IR spectral peaks at 3300(s), 

1750 (s), 1685 (s), 1585 (m), 1380 (m), 1290 (w), 1250 (w), 1185 (s) , 

1155 (m), 1080 (m), 1065 (m), 1015 (w), 1005 (w), 947 (s), 890 (w) , 

-1 
and 744(s) em 65], where (s) is strong, (m) is medium 

and (w) is weak absorbance. Breton [ 13] also lists ninhydrin 

infrared absorption peaks. Generally, the positions of the 

+ -1 bands reported by the two groups agree to _ 5 em . The 

bands at about 1700 em-l are associated with the keto-groups. 

E. Chemical Reactions of Ninhydrin 

1. Derivatives 

Many chemical derivatives have been made from ninhydrin 

and indantrione; some descriptions of these are found in 

articles by McFadyen [73 J, Ruhemann [104], Breton [13 1, 

Wislicenus [135, 134J, and Polonovski, Gonnard and Glotz 

[90 1. McCaldin [68 J also discusses ninhydrin indantrione 

derivatives in detail. 

2. Reduction 

A free radical forms when ninhydrin is placed into a 

reducing medium. Table 3.6 summarizes the work that has been 

done on pure ninhydrin free radicals. Chemical reduction 

produces"a series of known products, but generally the litera-

ture on chemical reduction does not predict such stable free 

radicals. 2-hydroxyindandione, XV, is produced by the reduction 

- 30 -
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Table 3.5 

Visible and Ultraviolet Optical Spectroscopy 

of Ninhydrin and Indantrione 

Reference . Solute Solvent A max (nm) , 

Purvis (1911) Ninhydrin Absolute 357 
[ 94] alcohol 

Polonovski, Ninhydrin 95' '\lcohol 362 
Gonnard and 
Glotz (1939 ) 247 
[ 90J 

226 

A plateau 
between 
305-270 

MacFadyen Ninhydrin Water, 231 
(1947) pH = 3.5-6.5 
[ 72] 250 

MacFadyen Ninhydrin Ethanol 357 
(1950) 
( 73] 228 

Water, 232 
pH = 4.8, 25°C 

Indantrione Concentrated 
H

2
SO4 

277 

350 

549 

Hayer (1957 ) Ninhydrin Water (absorp- 340 
[ 78] tion plateau) 

Ethanol. 356 

- 31 -

e:max 
(millimolar) 

---

0.06 

6.5 

31 

About 25 

35-38 

9.8-10.6 

0.1 

44.0 

38 

26.4 

3.6 

0.1 

0.61 

0.95 
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Reference 

Adams, Blois, 
and Sands 
(1958) 
(3) 

Lagercrantz 
and Yhland 
(1963) 
[62] 

Orr (1965) 
(7) 

Table 3.6 

Summary of Ninhydrin Free Radical ESR Properties 

Number and 
type of lines 

9; 3 triplets 
intensities: 
1:2:1:2:4:2:1:2:1 

9; 3 triplets 

9; 3 triplets 

Hyperfine splittings 
(gauss) 

a
l 

= 1.95 :t 0.04 

a
2 

+ 1.59 : 0.04 

a
l 

-= 1.0 

a = 0.75 
2 

a l -= 0.94 

a
2 

= 0.74 

., 
t 

A . a sS1gnments 

2 pairs of equiva
lent protons on the 
6-membered ring 

a.2 pairs of 
equivalent pro~· 
tons on6-mem
bered.ring 

b.Larger hfsc on 
pair nearest 5-
membered ring 

c.The radical is a 
"one-electron 
reduction of 
ninhydrin." 

o 
1/ 

(XC, 
:::,.. I C,C-o' 

Ie o 
a.Two pairs of 

equivalent 
protons. 

. . 

Chemical 
conditions 

Alkaline solu
tion. Solvent 
not specified. 

pH 7, in H 0 
Reduction iith 
either glyoxyl 

.. or sodium di
thionite. 
Radical asso
ciated with a 
red-brown sub
stance fading 
in the presence 
of molecular O

2 

Alkaline solu
tion 



w 
w 

Reference 

Kharitonenkov, 
Yuferov, and 
Kalmanson 
(1966) 
[58] 

Russell and 
Young (1966) 
(106] 

Russell and 
Young (1966) 
(106] 

,~ 

Number and 
types of lines 

5 lines 
intensi ties: 
1:3.7:5:3.7:1 

Radical in DMSO 
5 lines, equally 
spaced 

In water: 9 

Table 3.6 (Continued) 

Hyperfine splittings 
(gauss) 

a :: 0.83 

a = 0.95 

a H = 1.00 
1 

H2 

. a Assl.gnments 

Unexplained 

o 

~ 

=0 
I 
I 
I 
I 

bO 

.9 

Chemical 
conditions 

Alkaline 
medium 

+ DMSO-K -t-
butoxide 
(colorless 
radical) 
H

2
0 

Similar radical 
to above, except 
with'two pairs of 
equivalent His 

Ratio of [OH-] / 
[ninhydrin] is 
< 3, 
Zn reduction 

0;)=
0(, 

~ " 

I '~-o 
of • 

~ . 

. HO OH 

.,. .. ~ ........ 

-t -
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Reference 

Russell and 
Young (1966) 
[106] 
(continued) 

Sioda and 
Koski (1967) 
[ 116] 

Number and 
types ·of lines 

24 lines 

In methanol, 
9 lines 

5 lines 

Table 3.6 (Continued) 

Hyperfine splittings 
(gauss) Assignmentsa 

4;aH = 3.08 
2 

2; a H = 2.26 
4 

3; a 
Hl ,H 3 

= 0.84 

a H = 0.98 
1 

a
H 2 

= 0.81 

a = 1.07 

Derived from 

HI 0 
I \I 

H2-{/ Y "'-"r-OH 

H3~9 
H4 

eI 09 

Similar to 
9-line radical 
in water 

Unexplained 

Chemical 
conditions 

Ratio of 
[OH-]/[ninhydrin]= 
15 to 40, Zn re
duction 

Methanol + KOH 

Electrolytic reduc
tion in N,N-dimethyl
formarnide, mea~ured 
at -32°C 

aAdams , Blois, and Sands found the g-value, 2.00481 ! 0.00004. The other authors did not 
measure the g-values. 
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of ninhydrin with sodium amalgam [103], ascorbic acid [ 1 ], 

or hydrogen sulfide. In the pre~erice of hydrog$n sulfide, 

ninhydrin, I, and 2-hydroxyindandione, XV, further react 

reversibly to produce hydrindantin, XVI [103, 110]. 

o 

. f'y\~. lJl-lo XV . 

o o 

XVI 

Hydrindantin, XVI, crystallizes from aqueous solution with 

two molecules of bound water per molecule of hydrindantin 

[102]r hydrindantin may exist in the hydrated form in 

solution [110]: 

~ 
C 

" OH 

r 
c------{ 
/\. 

HO OH 

XVII 

Like ninhydrin, indantione, II, may form a bimolecular com-

plex under the appropriate conditions, such as in hot, 

concentrated sulfuric acid solution [108): 
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2 0 
H2 SO4 

• HEAT 

0 0 II 
XVIII 

Ninhydrin has also been reduced polariqraphically [53,89,112,SlL 
. . 

A recently proposed reaction mechanism [112] is shown in 

Figure 3.5. 

o 
II 

. 0 0 tyC'r-o 

II II ~c=o 

eli "f(OH H® ~Cr/oe e t II OH. • I 'OH OH 2e6 
of • .. 

~ c=o ~. c= 0 0 2 He> 
. " 

I X COr:: 
. XIX 

Figure 3.5: The reduction of 

ninhydrin, [112]. 

The two half-wave potentials of ninhydrin increase 

with pH in aqueous solution, see Table 3.7: 

- 36 -



; , .., . ~ .. .. 
i J 

Table 3.7 

The Half-Wave Potentials of Ninhydrin [·89] 

wave l wave 2 
pH -E1/ 2 I -El / 2 I 

Volts (Microamps) (Microamps) 

2.8 0.89 1.6 1.19 1.7 

6.0 1.09 1.9 1.40 1.9 

7.3 1.14 1.9 1.43 1.9 

8.6 1.20 1.8 1.48 1.5 

12.1 1.26 1.5 1.62 1.2 

None of the proposed mechanisms fo~ po1arigraphic 

reduction of ninhydrin would produce free radicals compatible 

with the ESR spectra listed in Table 3.6. 

3. Reaction with Metal Ions 

Ninhydrin reacts with salts of cobalt, nickel, and 

chromium (115, 103] but it is not clear whether the metal 

ions react with the n-e1ectron structure of the aromatic ring 

or whether the zeacticm is with the negatively charged Cl=O, 

C
3

=0 and C2-OH groups. 

4. Reaction with Acidic and Basic Solutions 

If ninhydrin is dissolved in 4N aqueous potassium 

hydroxide at room temperature, a yellow solution is produced: 

the solution becomes colorless if it is left standing in air 

or if it is diluted: if instead the yellow solution is boiled, 

or if the solution is mixed with cold concentrated alkali, 

a deep blue product forms. Ruhemann's [lOll explanation of this 
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is shown in Figure 3.6: 

o 

o 

HO 0 
I II 

OH 
OH 

CC
C- C- OH 

':?' I 
I H 

~ 
C-OH 

XXIII II o 

o 

" (J(
C-OH 

~..... -9' I YELLOW 
~ . POTASSIUM 

C-C-H r SALT 
XXI II II '---------' 

Heat t :H 
0 

XXII OH 

H 

o BLUE 
POTASSIUM 
SALT 

:'r------i~ COOH 

Figure 3.6: Ruhemann's explanation 

of the colors produced by the reaction 

of ninhydrin in a basic medium. The 

colors are experimentally observed, 

the chemical structures are proposed 

to account for them. 
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If hydrindantin, XVI, is dissolved in an aqueous solution of 

sodium carbonate, a red color forms; if hydrandantin is 

dissolved in an aqueous solution of sodium hydroxide, a blue 

color forms. McCaldin(68] suggests that the following 

reactions occur: 
o 

~H or 
~OH 

o 

WOH 
XV 0 

o 

(Q-OH 
XXV 0 0 

(REO)! 0" .. 

o 0 
II II a C

-
C

-
H 

. C-OH 

XXI g 

XX OH 

(YELLOW) 

o 
OH0~1 0 
.~O or 

VI 00 

! (BLUE) 
O2 

OHO 
I II 

~ I ~ Q
C-C-OH 

~ C-OH 
XXIII II _____ . _____ ._ ___ 0 

5. The Reaction of Ninhydrin with Amino Acids 

o 

XXVI 

Ninhydrin reacts with amino acids; stable free radi-

cals arearnonq the products. Under the carefully controlled 

conditions shown in Figure 3.7, the reaction may be used to 

measure the concentration of free amino acids in solution 

because Ruhemann's purple, XXVII, and carbon dioxide are 

produced quantitatively [Ill]. Over the yea~s, many different 

mechanisms have been proposed to account for these products; 

none of the proposed mechanisms successfully explain every

thing that is known about the reaction. Product XXVII, 



pH5 

I 

Figure 3.7: The reaction of hinhydrin 

with an amino acid; in aqueous solution, 

pH=5, heated to 100°C for 10 to 15 

minutes, the reaction yields quantitative 

amounts of all of the products. 

Ruhemann's purple, has an optical absorption maximum at 

570 nm. The different amino acids produce different but 

known amounts of XXVII, Ruhemann's purple, per mole of amino 

acid. Since the Ruhemann's purple produced is directly pro-

portional to the concentration of free amino acids, the 

reaction with ninhydrin can be used as a quantitative assay 

for free amino acids. The release of carbon dioxide during 

the reaction of ninhydrin with amino acids also may be used 

to measure the concentration of free amino acids in solution 

[1261 • 

a. Ninhydrin-Amino Acid Free Radicals 

Pure amino acids form free radicals under uv or other 

irradiation or by reaction with mixtures of TiC1 3-H
2

0 2 ; as 

shown in Table 3.8 [82, 121, 35 ]. . Ninhydrin-amino-acid-free 

radicals have ESR spectral characteristics which differ from 
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Table 3.8 

Isotropic Hyperfine Splitting Constants of Pure Amino-Acid Free Radicals 

aN a a a . a
CYH 

a
COH Amino Acid NH CClH CSH· 

Substrate Radical g-va1ue (gauss) (gauss) (gauss) (gauss) (gauss) (gauss) 
C 

glycinea [121] H~CIlCOOH 6.66 5.5 12.4 ---
glycine (pH=l) [82 ND

2
CHCOOH 2.00340 6.38 5.59 11.77 

glycine(pH=l in 0.87 
D

2
O) [ 82] ND

2
CHCOOH 2.00340 6.21 (for D) 12.00 

glycine • 3.38 & 
(pH 7 - 13.5) [82 NH2CHCOO- 2.00340 6.11 2.87 13.76 

.0. 
~ 

DL~L-, Q-a1anine H;NCH(COO) 3.6 26.6 22.8 
[121 } , 

.CH2 
, -

NH
2

CCOO - 5.07 1.93 & Cl-alanine 2.00334 
(pil 11 - 13.5) I <.02 13.86 
[ 82] 

CH
3 

L-serine
b 

[121] H+NCH(COO)-

3 I 8.1 24.5 17.6 

·CH 

J 
OH 



Table 3.8 (Continued) 

aN 
a a a

C8H 
a cyH a

CoH ArninoAcid NH CClH 
Substrate Radical g-va1ue (gauss) (gauss) (gauss) (gauss) (gauss) (gauss) 

D,L-threonine (1) U;NCH(COO)- 6.2 7.9 20.3 
[1211 . I 

·C 

I'" HO CH
3 

U,L-threonine ( II) + 27.0 22.6 
[121] H3NCH(COO) 

~ I tv 
eH 

I"'" ·CH2 OH 

+ 
L-va1ine (I) H

3
NCH(COO) 7.1 7.1 23.9 

[121 J \ 
jC\ 

CH
3 

CH
3 

+ -
L-va1ine (II) H3NCH(COO) 29.5 22.5 
[121 ] I 

CH 

/~ 
CH H

2
C. 

3 

« , , 
I 

'. 
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Amino Acid 
Substrate 

L-leucine 
[121] 

DL-isoleucine 
[121 ] 

. , 

Radical 

+ -H
3

NCH(COO) 

I 
CH

2 

I 
/~ 

CH H C· 
3 2 

H~NCH(COO)-

I 
.l~H I 3 

CH
3 

Table 3~8 (Continued) 

aN 
g-value (gauss) 

a
NH 

(gauss) 

a CaH 
(gauss) 

a CBH 
(gauss) 

19.7 

a For glycine, Taniguchi et ale [121] calculate P = 0.26 and P a = 0.53. 
-- . N C 

b The hyperfine splitting constant, a
OH 

= 1.1 gauss. 

a CYH 
(gauss) 

21.7 

21. 9 

a COH 
(gauss) 

21.7 

25.9 

c· .. 

\.-

,-

-c ~ 



those of the amino-acid free radicals~ that is, the hyper-

fine splitting constants for the amino nitrogen are similar 

in both types of free radicals, but the line widths and the 

number of distinquishable hydrogen nuclei are quite different 

(compare Tables 3.8, 3.9 and 3.10). 

Lagercrantz and Yhland [ 62] observe free radicals when 

ninhydrin and amino acids are mixed in an aqueous alkaline 

medium. Although Lagercrantz and Yhland cannot detect free 

radicals when the amino acids are omitted, the published ESR 

spectra of these radicals are identical to the spectra of 

pure ninhydrin free radicals (Table 3.6). 

J. C. Orr [ 85] also studies free radicals produced by 

the reaction of ninhydrin with either amino acids or amines. 

In methanol, the reaction of ninhydrin and dimethy1amine 

produces a free radical, probably XXVIII, which has a nine-

line ESR spectrum: the nine lines are equally spaced 8.8 gauss 

apart, with intensities in the ratio 1:7:22:41:50:41:22:7:1. 

These intensity ratios would be those predicted if the spin 

density spans a single nitrogen nucleus, aN = 8.8 gauss, and 

six equivalent hydrogen nuclei, a H = 8.8 gauss. With greater 

resolution, Orr finds that each of the eight lines is further 

split into nine lines. This hyperfine structure is probably 

due to two pairs of equivalent protons on the six-membered 

ring of the ninhydrin with a = 0.7 gauss and a = 0.47 
H4 ,7 H5 ,6 

gauss hyperfine splitting constants. 
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Table 3.9 

Free Radicals Produced by the Reaction of Ninhydrin with Amino Acids
a 

[140, 58) 

Amino acidb Number of Lines 

a-alanine, aspartic acid, leucine, 3 
tyrosine, histidine, and 
phenyl-a-alanine 

tryptophan 

lysine 

a-alanine and phenyl-a-alanine 

proline and hydroxyproline in 
0.1 M NaOH 

1 ' c g YCl.ne 

l ' c va l.ne 
, c 

serl.ne 

3 

6 

8; 
intensities 
1:1:2:2:2:2:1:1 

6; 
intensities 
1:4:7:7:4:1 

3 

1 

6 

a The g-value is approximately 2.004 [140]. 

Hyper£ine 
Splitting Con
stant (in gauss) 

6.8 - 7.0 

7.35 

7.5 

a = 8 
N 

a = 8 
HI 

a H = 4 
2 

aN = 7.7 

a
H 

= 7.7 

6.8 

bNinhydrin-cysteinyl free radicals are observed but not analyzed. 

c The free radicals are partially precipitated. 

dThe spectrometer settings are not given for any of the spectra. 

Commentsd 

Incompletely 
resolved 

One nitrogen and 
two nonequivalent 
hydrogen nuclei. 

One nitrogen nucleus 
and three equivalent 
hydrogen nuclei. 

Poorly resolved. 

"' 

l . 



XXVIII 

Orr obtains a thirteen-line ESR spectrum from the free-radical 

product of ninhydrin and sarcosine, probably XXIX: in which 

the thirteen lines are equally spaced and are created by the 

contact interaction between the unpaired electron and one 

nitrogen nucleus and five equivalent protons. Each of the 

thirteen lines are split further into nine lines by the four 

benzenoid protons on the ninhydrin moiety with hyperfine 

splitting constants a = 0.75 gauss and a = 0.47 gauss. 
H4 ,7 H5 ,6 

o 
H 

XXIX 

Orr observes, but does not analyze, spectra of the free 

radicals created in reactions of ninhydrin with L-proline, 

L-hydroxproline and aspartic acid. 

Generally, the ESR spectra of ninhydrin-amino-acid free 

radicals have line shapes and hyperfine splitting constants 

which depend on the amino acid side chain; Tables 3.9 and 3.10 
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Table 3.10 

Ninhydrin-PeptidylFree Radicals 

Produced by the Reaction of Ninhydrin with Peptides [140]a 

Peptide 

a-alanyl-a-alanine 

a-alanyl tryptophan , 
a-a1anylva1ine, 
a-alany1serine, and 
a-alany1proline 

B-alanyl-B-alanine 

a-phenylalanylglycine, 
leucylglycylglycine, 
valyvaline, and 
arginylglycine 

glycyl-6-phenyla1anine, 
glycyl-8-alanine, 
and glycyltryptophan 

Number of Lines 

5; 
intensities 
1:3:4:3:1 

8 

6 ; 
intensities 
1:3:5:5:3:1 

8; 
intensities 
1:1:2:2:2:2:1:1 

4; 
intensities 
1:2:2:1 going to 3 

Hyperfine Splitting 
Constant (gauss) Comments 

a = 7 N . 

a H = 7 

aN = 6.7 

a H = 6.7 

going to 
aN = 6.7 

One nitrogen nucleus 
and two equivalent 
hydrogen nuclei. 

All the same and all 
are poorly resolved-
low yields of radicals. 

The spectrum went from 
4 lines to 3 lines over 
the space of 15 minutes. 

a The spectrometer settings are not given for any of the spectra. 

r .. 

" 



summarize some of the data gathered by Yuferov et al [140] 

and Kharitonenkov, Yuferov, and Kalmanson [58 ]. 

Ninhydrin-amino-acid free radicals are sensitive to 

the reaction conditions: Yuferov et al find the optimal-condi

tions for the maximum yield of free radicals are: an ethanol-

water solvent system with the minimum amount of water, pH>1, 

the exclusion of all atmospheric oxygen, and with ascorbic 

acid added to the reaction mixture. Figure 3.8 shows the 

yield and rate of production of ninhydrin-tryptophanyl free 

radicals as a function of the percentage of water in the 

ethanol-water solvent system; the system with the lowest water 

produced the greatest yield of free radicals. 

Figure 3.9 shows the production of ninhydrin-tryptophanyl 

free radicals both a~robically and anaerobically: the final 

yield of free radicals is 20% greater if the reaction is 

anaerobic. 

If ascorbic acid is added to the reaction mixture, 

even under aerobic conditions, the final yield of free 

radicals is increased considerably as shown in Table 3.11: 

Table 3.11 

Yields of Free Radicals Produced by the Reaction 

of Ninhydrin with a-phenylalanylglycine
a 

[14 ] 

Conditions 

Aerobic, no ascorbic acid 

Anaerobic, no ascorbic acid 
Aerobic, ascorbic acid present 

Concentration of 
radicals (spins/ml) 

5 x 1016 
16 

13.3 x 10 
50 x 10

16 

a The concentration of ascorbic acid is not given, 

nor are the spectrometer settings. 
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Figure 3.8: The yield and rate of produc

tion of ninhydrin-tryplophanyl free radicals 

as a function of the percentage of water in 

the ethanol-water solvent system. The figure 

has been redrawn from one presented by 

Yuferov et al. [lfO]. 
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Figure 3.9: (1) 20°C, anaerobic conditions; 

(2) 65°C, anaerobic conditions; 

(3) 20°C, aerobic conditions; 

(4) 65°C, aerobic conditions. 

The figure has been redrawn from one 

presented by Yuferov {140}. 

In aqueous solution at either pH = 8.2 [6l} or pH = 4. a r l37} , 

ascorbic acid, C
6

Ha0
6

, may be oxidized to form a free radical, 

ascorbic-acid free radicals have not been observed in non-

aqueous solvent systems; it is unlikely that the ascorbic-

acid free radical could exist in the nonaqueous solvents that 

ninhydrin-amino-acid free radicals require. In addition, the 

spectra of the two types of free radicals are easily distinguish-

able. Figure 3.10 shows the yield of free radicals produced 
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as a function of the amino acid concentration. The maximum 

yield of ninhydrin-amino-acid free radicals is produced when 

the ratio of amino acid molecules to ninhydrin molecules is 

about 1:20 [140]; when larger amOunts of ninhydrin are added, 

the free radical yield is independent of the concentration of 

ninhydrin. 

70 

60 

co 
c:: 50 OJ 
(/) 

a:: 
(/) 40 
w 
..... 
0 
Q) 30 

"0 
:J 

.<.:: Oxyproline 
Co 
E 

20 

« 
10 

¢ - f3 -alanine 
~~ ____________ o-~_ 

0 
0 0.008 0.012 0.016 0.020 0.024 

Concentration of amino acid (moles/mil 

Figure 3.10: The dependence of the yield 

of free radicals on the amino acid 

concentration; the initial mixture contains 

1.5 M ninhydrin [140] 

Ninhydrin-amino-acid free radicals tend to precipitate [14~, 

if the precipitation occurs during observ~tion, the spectra 

will change. 

Yuferov et ale interpret the spectra of the ninhydrin-
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amino-acid free radicals by assuming that the unpaired 

electron interacts with the nitrogen nucleus and one or more 

hydrogen nuclei. The amino nitrogen isotropic hyperfine 

splitting constant is approximately 7 gauss in all free 

radicals studied. To elucidate the nature of the unpaired 

electron orbital, if the electron is localized entirely on 

, 14 b' 1 h h . f h . h am1no-N or 1ta S, t en t e amount 0 s-c aracter 1n t e 

orbital could be calculated. If the unpaired electron is 

totally in an s-orbital at any Nl4 nucleus, Morton [80 

calculates that the isotropic hyperfine splitting constant 

would be about 550 gauss; the unpaired electron orbital has 

(7 · /550 ) . 1 3% h t h ' 14 1 gauss gauss·~. s-c aracter ate am1no-N nuc eus. 

However, the unpaired electron does not spend all of its time 

h ' 14 1 d 1 1" f at t e am1no-N nuc eus, but e oca 1zes 1nto the rest 0 the 

free radical through a n-bond structure. To determine the 

, dId " b '1 th ' .14 unpa1re e ectron ens1ty 1n n-or 1ta near e am1no-N 

nucleus [140), the anisotropic hyperfine splitting constant, 

b, for the amino-N14 nucleus is calculated and compared with 

the anisotropic hyperfine splitting 

14 + 
of N in NH

3
' , where the electron 

constant, b = 12.6 gauss, o 

is presumably in an orbital 

that has no s-character. b is obtained from Eqn. 3.1, which 

is discussed by Lord and Blinder [66). 

* a = a + 20, (3.1) 

where: 

* 2a = the distance between the extreme components of 

the LSI{ spectrum of frozen radicals, and 

bib = P II o n 
(3.2) 

- 52 -



.. 
• 

-. " 
I 

where: 

P~ = the n-electrondensity in the amino-N14 

nuclear volume. 

Experimentally [140], 

3.6 gauss ~ 0 ~ 4.6 gauss and 

0.21 ~ O/bo " 0.27; 

Because the range of values for (Pn~)is small, the electron 

structure is uniform and unpaired electron is mainly d.elocalized 

onto the ninhydrin aromatic ring or onto the amino acid (140J. 

Although it is not apparent in the discussions referred 

to above, this method of calculating (p II) is similar to the 
n 

methods suggested by Bolton, Carrington and Santos-Veiga [15]. 

Carrington and Santos-Veiga [20 J, and Vasserman and Buchachenko 

[127J. The latter method is derived from the method of 

McConnell et ale [69, 70, 71 J for finding{PJ at a carbon 

nucleus in an aromatic hydrocarbon. Vasserman and Buchachenko 

[12~ empirically determined the relationShips: 

aN/bN = 1.45 ~ 0.08 

aN = (+18.2 ~ 1 gauss) (P n,,) 

( 3 • 3) 

(3.4) 

Eqn. 3.4 is derived from data on the Nil'; ion. Carrington 

and santos-Veiga find that 

aN = (25.3 ! 2.3 gauss) (~n") (3.5) 

for negative ions of nitrogen heterocyclic molecules. Since 

ninhydrin-amino-acid free radicals are probably more like 

NH'+ than negative ions of heterocyclic molecules, Eqn. 3.4 . 3 

will be used for further calculations. 
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Vasserman and Buchachenko found the empirical relationship: 

Combining Eqns. 3.4 and 3.6 yields: 

McConnell's relation has the form: 

Eqns. 3.7 and 3.8 are equal if Q:H = 22.7 ! 1.05 gauss. 

Bolton, Carrington and Santos-Veiga [15] find (O:H'= 

(3.6) 

(3.7) 

(3.8) 

-35 to -39 gauss; Vasserman and Buchachenko, by another method, 

find ~:H'= 25.8 gauss. Eqns. 3.3 and 3.4 yield: 

+ bN = (12.6 - 1.08 gauss) I'~~ 

As noted above, b = 12.6 gauss, so 
o 

, 

(3.9) 

(3.10) 

as used by Yuferov ~ ale [140]. Eqn. 3.6, and thus Eqns. 

3.7 and 3.8, are limited to hydrogen nuclei which are bonded 

d ' 1 h ' 14, 1 1rect y to t e am1no-N n1trogen nuc eus. The other equa-

tions are not restricted in this way. 

Yuferov [139], Yuferov ~al. [140], Orr [85], and 

Kharitonenkov, Yuferov and Kalmanson [58] speculate on the 

chemical structures of the ninhydrin-amino-acid free radicals. 

First, the spectral and chemical evidence for specific radicals 

will be examined, then general reaction mechanisms will be 
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discussed, particularly those mechanisms that could produce 

the free radical intermediates. Orr (85) does not propose 

specific structures for ninhydrin-amino-acid free radicals. 

_ Presumably, the free radicals are similar to the ninhydrin

dimethylaminyl free radical, XXVIII, and the ninhydrin-sarcosinyl 

free radical, XXIX. Both XXVIII and XXIX contain a single 

ninhydrin residue; in the ninhydrin-dimethylaminyl free 

radical, the nitrogen is positively charged, and bonded to 

its neighbors with single bonds; in the ninhydrin-sarcosinyl 

free radical, the unpaired electron resides at the uncharged 

nitrogen nucleus which is singly bonded to the ninhydrin resi-

due and a methyl group and doubly bonded to a methylene group. 

Logically, ninhydrin-amino-acid free radicals must contain 

some part of the amino acid (58]1 the ninhydrin-amino-acid 

free radicals have different ESR spectra than the ESR spectrum 

of pure ninhydrin free radicals; and the spectral parameters 

of the ninhydrin-amino-acid free radical depend on the nature 

of the amino acid side chain. 'Kharitonenkov, Yuferov and 

Kalmanson propose that the free radical has structure XXX, 

which may be a stable intermediate in the production of XXXI. 
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Tominaga [124] proposes end product XXXI based on studies 

of the reaction of ninhydrin with phenylalanine in 50 percent 

methanol-50 percent water. In order to produce XKXI, first 

a single molecule of ninhydrin would react with a molecule of 

phenylalanine forming XXXII, then XXXII would react with a 

second ninhydrin molecule to form XXXI. 

XXXII 

Alternatively, XXXII might react with a molecule of water to 

produce an amine containing the ninhydrin residue and an 

aldehyde containing the amino acid side chain, the amine could 

react with a second ninhydrin molecule producing Ruhemann's 

purple, XXVII. Riemschneider, Koka and Kieseler [98] also 

propose end product XXXI to explain the reaction of ninhydrin 

with phenylalanine which is substitute9 in the para-position 

,of the benzene ring with chlorine, fluorine or a methoxy group. 

Yuferov ~ ale [140] do not suggest a specific chemical 
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structure for ninhydrin-amino-acid free radicals, instead 

several possible free radicals are discussed. In spite of the 

studies by 'fominaga [1241 and Riemschneider, Koka and Ki ... ler 

[98 1 which predict end product XXXI, the ninhydrin-amino-acid 

free radical is assumed to be an intermediate in the production 

of either XXXIII or XXXIV. 

o 

>---N---< 
I 
R 

XXXIII 

e o 

o 

Labadie, Neuzil and Breton [60 ] propose the reaction sequence 

shown in Figure 3.14 to account for the production of XXXIV. 

o 0 
tf II 

C" H /C 
C--N--'C 

C
/ I " ~ CH "c 

I II II 
HO CH 0 

XXXIV 
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Yuferov (139] does not definitely propose a chemical structure 

for ninhydrin-amino-acid free radicals; but notes that the 

reaction ,of ninhydrin with amino acids involves the nucleo

philic substitution at the amino nitrogen on the amino acid 

by the ninhydrin. Any mechanism that increases the electron 

density at the nitrogen nucleus would increase the rate of 

the reaction, and, possibly, the yield. Hydrogen bonding 

between th,e amino group and the solvent would alter the elec

tron density at the nitrogen nucleus. Friedman (38] found 

that dimethylsulfoxide forms a hydrogen bond from its 

oxygen to an amino hydrogen of the amino acid thereby 

increasing the electron density at the nucleus of the amino 

nitrogen. Friedman also proposes that a hydrogen from water 

may hydrogen bond to the nitrogen nucleus of the amino acid 

and decrease the electron density at the nitrogen nucleus. 

b. Reaction Mechanisms of Ninhydrin 

McCaldin [68] reviews some of the reaction mechanisms 

proposed for the reaction of ninhydrin with a-amino acids; 

any acceptable theory must explain the end products--Ruhemann's 

purple, an aldehyde with one carbon atom less than the amino 

acid, carbon dioxide, ammonia, and, under certain conditions, 

a free radical; also hydrindantin, XVI, is produced during 

the reaction with a-amino acids [1, 81]. The similarity 

between ninhydrin and alloxan interests Ruhernann; from 

comparisons between the two molecules, Ruhemann proposes the 

reaction scheme shown in Figure 3.11 [100,101,102,103,104] 

Ruhemann does not discuss the mechanism of the unusual last 
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step in the reaction, XVI going to XXXV. i'1cCaldin's most 

serious objections to Ruhemann's theory are that the theory 

cannot explain the reaction of ninhydrin with ammonium salts 

[39 ), and that Ruhemann's theory cannot explain the differences 

in the reaction rates when ninhydrin reacts with various 

amines and amino acids. 

o 

I 0 

o 

xv 0 

o 

o 
XVI 

OH 

OH + 

1 

R 
I 

NH2-C-H 
I 
COOH 

H + RCHO + C02 + NH3 
OH 

/lnhYdrin 
o 

o ONH4 
XXXVI 

Figure 3.11: Ruhemann's proposed 

reaction scheme for ninhydrin and 

a-amino acids. 

o 

N 

o 

Hetinger's proposed reaction sequence for ninhydrin and amino 

acids is shown in Figure 3.12. Product XXXVII, a free radical, 

is proposed to explain the purple-colored end product instead 
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o 
XVI 

o 
XXXVII 

• I 

o 

R 
I 

ONH3C-COOH 
I 
H 

R 
I 

NH2-C-COOH 
I 
H 

R 
I 

ONH3-C-COOH 
I 
H 

~ 
+ NH2 - C- COOH 

I 
R 

Figure 3.12: Retinger's .£97] scheme for 

the reaction between ninhydrin and 

amino acids. 
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of Ruhemann's purple, XXVII; the variation of the amino 

acid side chain in the free radicals would account for the 

different colors' produced in the reaction. McCaldin [ 68] 

believes that the most important objection to Retinger's 

theory are that the salts of hydrindantin do not absorb 

visible light, and that the visible and ultraviolet absorption 

spectra of RUhemann's purple and hydrindantin are very 

different in alkaline solutions. Notice that Retinger's 

free radical has the unusual structure 

H. 

\ + 
C-OH-N -COOH 

/ 
H 

around the amino-nitrogen atom. It is difficult to predict' 

exactly the degree to which the unpaired electron would 

penetrate the amino acid moiety of the free radical, and the 

relative hyperfine splitting constants of the nitrogen nucleus 

and the ninhydrin benzenoid-protons. The ESR spectrum of 

Retinger's free radical would have a complex group of 

absorption lines: there would be three lines from the nitro-

gen nucleus; each of the three lines would be split into three 

additional lines in the ratio of 1:2:1 from the two identical 

amino hydrogens; each of the new lines would be split into 

two more lines by the interaction with the hydrogen nucleus 

which is between oxygen and nitrogen, all of these lines may 

be further split by any or all of the remaining protons in 

the molecule. Th~ lines might overlap to distort the spectral 

pattern, even so the expected ESR spectrum of this free 
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radical would be quite different from the ESR spectrum 

observed for the ninhydrin-amino-acid free radical. 

l1acFayden [74, 63 ] determines that the anion of Ruhemann' s 

purple is colored while the uncharged species is colorless, 

and proposes the reaction scheme: 

XVI 

o}N=<)o 
o 0 

XXVII 

o WOH 
e 

XXV 0 

o 

+Q)a~ 
I 0 

£1acFayden's reaction scheme is similar to Huhemann's reaction 

scheme and is also subject to the criticism that the last step 

is not explained adequately. ~oubasher and Ibrahim [ 81] 

propose a reaction scheme for ninhydrin based on a more 

general mechanism proposed by Strecker [40, 119 ]; Strecker 

explains all degradations of a-amino acids by carbonyl com-

pounds yielding aldehydes or ketones with one less carbon 

atom than the original amino acid. Moubasher and 

Ibrahim'a scheme is: 
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I~OH 
~OH 

I 0 

R 
I 

+ NH2- C-COOH 
I 
H 

o 

0(>
0 R 

I N-t-COOH 
~ . I 

H 
o 

XXXVIII 

I~~ ~-NH2 -RCHO 
-C02 

-NH,J 

OH 

XXX X 
o o o NCHRCOOH 

2 NH2 CHRCOOH 

• • -2 H2 0 

XVI 0 HOOCCHRN 0 

XXXXI 
N=CHR OH 

-2 RCHO 

OH N=CHR OH NH2 

XXXXIII XXXXII 
OH OH o OH 

OH OH OH o 
XXXXIV XXXXV 

l'1oubasher and Ibrahim [ 81] believe that XXXVIII, XXXIX, 

XXXX and XV may be colored; the final product in the sequence, 

XXXV, is dark brown and has a spectral absorption that is 

somewhat different than the actual product of the reaction of 

ninhydrin and alanine. Generally, very little data is 

proposed to support this reaction scheme. 
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McCaldin (68] proposes the reaction sequence shown in 

* Figure 3.13; this reaction sequence is most generally accepted. 

It does not predict a stable free radical species; however, 

free radicals may be intermediates between some of the steps 

in the reaction sequence. The first step is a Strecker degrada-

tion [119, 40]. In the reaction of ninhydrin with cyclic 

bases, it is possible to isolate structures similar to XXXXV. 

Ruhemann isolates structures similar to XXXXVII. In aqueous 

solution at pH = 1 to 2.5, the reaction yields hydrindantin, 

XVIi and at pH 5, the end product is ,Ruhemann's purple, XXVII. 

Notice that this last sequence is a modified Strecker degrada-

tion. The Schiff base, XXXXV, would be responsible for the 

gray, brown, orange, or green precipitates which are oc-

casionally observed. Ruhernann [104] isolates several inter-

mediates of this type. Yuferov's [139] proposed reaction 

mechanism is very similar to McCaldin's reaction scheme except 

the Schiff base, XXXXV, reacts with an additional ninhydrin 

molecule to form XXXXIX. 
o 

"lo---N--~ 

I 
CH 
II 
R o 

XXXXIX 
*Most of the research on the reaction of ninhydrin with amino 
acids has been published in four different languages--
French, Russian, English, and German. Unfortunately transla
tion has been a barrier to those who are studying the ninhy
drin reaction. Generally the French and French speaking 
scientists accept the work of Neuzil et al.; the Russians 
believe Kalmanson, Yuferov, and Kharitonenxov; and the English 
and Americans accept McCaldin's work. 
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I~OH 
~OH 

o 

R 
I . 

+ NH2-C-COOH .. 
I 
H 

[ ~N"®~C"RJ 
XXXXV 

o ~ ~"g'm'"' 0 

o:)-N"' • RCHO. O::>-N~C"R 
OH OH 

XXXX XXXXVII 

1 
Ninhydrin 

O::>-OH ~H~ 
~NH--ylJ 

OH o 0 
xx 

1 

xv XXXXVIII 

I
-H2 0 
_He 

~N<O 
0° 0 

Ninhydrin 

XVI XXVII 

Figure 3.13: McCaldin's proposed 

reaction sequence for ninhydrin and 

a-amino acids. 
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The reaction scheme generally accepted by French workers 

is shown in Figure 3.14; Labadie, Neuzil and Breton [60 ] 

base the reaction scheme on the work of Tominaga[124] and 

Riemschneider, Koka and Kieseler [98 ]. 

0 0 

0/0" NHz 0:)<0" H I I + CH-COOH + R-C-COOH 
~ OH I ::::.... OH I 

0 6 0 
NHz 

! J 0 0 

O)-N,\" + 2 H20 + CO2 + H® O)-OH + R-C-COOH + H2O 
II 
NH 

0 

0 
OH 

XXXIl ~ / xx 

1 

Figure 3.14: The reaction scheme 

proposed by Labadie, Neuzil, and 

Breton (60 ]. 
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Hyperconjugation is possible and favors the reaction scheme; 

a double bond may form between the methylene group of the 

amino acid and either the amino-nitrogen or the side chain. 

The reaction does not occur if the hydrogens in the C -
2 

methylene group are replaced by other atoms, or if the hydro-

gen is not there at all, as in a-phenylglycine. The presence 

of an a-methylene hydrogen is not a sufficient condition for 

the reaction to occur; it does not occur with leucine or 

y-phenyl-a-aminobuteric acid. 

Ninhydrin reacts with imino acids also; McCaldin [ 68] 

proposes the scheme shown in Figure 3.15. The first step 

is similar to that proposed for a-amino acids and ninhydrin. 

In order to explain the observed color changes, McCaldin 

suggests that L is yellow and LI is purple. 

o 

cx>~: + 
-C02 

-H2 0 

I 0 

0 0 
Ninhydrin 0 

\. .- E9 . 
N~ 

L LI 0 

Figure 3.15: McCaldin's [ 68] pro-

posed scheme for the reaction of 

ninhydrin and an imino acid. 

- 68 -



• )..1 

Ninhydrin also reacts with amines as shown in 

Figure 3.16. McCaldin believes that the reaction with pri-

mary amines is a special case of the more general ninhydrin 

reaction shown in Figure 3.13: 

o 

o 
I 

0 

XXXXVII OH 

o 

XXVII 

OH 
OH 

N=CHR 

o 

N 

o 

+ RCHO .. 

o 

0 

H 
Ninhydrin 

\. 
NH2 

0 
LII 

. Figure 3.16: The reaction of ninhydrin 

with amines (68]. 

• 

For a discuss~on of the reaction of ninhydrin with secondary 

and tertiary amines, see McCaldin's review [ 68]. 

McCaldin supports Harding and MacLean's [ 46] mechanism 

for the reaction of ninhydrin and ammonium salts, as shown in 

Figure 3.17. The reaction also takes place with ammonia 
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dissolved in water [39 J. 

0 
0 0 
II II Ninhydrin 

OH _OH G a C
-

C
-

H 

\. .. . I • 
OH 

~ e-OH • 
0 II XXIII 

0 

0 0 
11 II a C

-
C

-
OH 

OH 
+ • OH 

~ eOOH 
0 I XXIII 

o 

OH + NH3 + NH4 EB + Ninhydrin 

N XXVII 

·0 • 

o 

Figure 3.17: Harding and MacLean's [ 46] 

mechanism for the reaction of ninhydrin 

with ammonium salts. 

- 70 -



~ . 

; . ' "j 

." 

Ninhydrin reacts with a number of biological chemicals 

as shown in Table 3.12; generally, Ruhemann's purple is not 

produced, although some of the products are colored. Schilling 

et al (107] find that ascorbic acid racts with ninhydrin; 
i 

there is no evidence either in the literature or from experi-

ments that this reaction produces any paramagnetic species. 

F. A Summary of the Published Knowledge About Ninhydrin 

o 
OH 
OH 

~---O 

I 

Ninhydrin, I, was discovered accidentally [100, 101, 

102, 103, 104]. Mixing ninhydrin and amino acids or pro-

teins under the carefully controlled conditions shown in 

Figure 3.7 yields quantitative amounts of a purple product, 

XXVII. 

~N~ 
o 0 

XXVII 
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This product has been used extensively to measure protein 

and amino acids. 

Although the ninhydrin reaction has been used for 

many years, its exact mechanism is not understood--none of 

the proposed reaction schemes shown in Figures 3.11 through 

3.14 adequately account for all of the products, including 

ninhydrin-amino-acid free radicals. Yuferov et ale ~40] 

and Kharitoninkov, Yuferov and Kalmanson [58] describe 

ninhydrin-amino-acid free radicals; a typical ESR spectrum 

is shown in Figure 6.2. Ninhydrin-amino-acid free radicals 

must be distinguished from the pure ninhydrin free radicals 

described in Table 3.6. Pure ninhydrin free radicals are 

formed by the reduction of ninhydrin in alkaline aqueous or 

nonaqueous solvents. For the highest yield of ninhydrin-amino-

acid free radicals, the ninhydrin and amino acid are mixed 

anaerobically in a nonaqueous solvent containing ascorbic 

acid; this mixture is heated to 60 0 e for 10 minutes ~40]. 

The hyper fine splitting constants and the ESH spectral line 

widths of the various free radicals fall into seven categories; 

i.e., the ninhydrin-amino-acid free radicals of: (1) glycine, 

(2) tryptophan, (3) proline and hydroxyproline, (4) lysine, 

(5) serine, (6) alanine, aspartic acid, histidine, phenyl-

alanine and tyrosine, and (7) valine [140,5~, as shown in 

Table 3.9. Yuferov et ale ~40], Kharitonenkov, Yuferov and 

Kalmanson [ 58] and Yuferov [139] do not propose definite 

chemical structures for the ninhydrin-amino-acid free radicals, 

although several speculative structures are discussed. 
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Table 3.12 

Compounds Other Than Amino Acids That React with Ninhydrin 

Reference 

Shapiro & 
Hachmann 
[114 ] 

Compoun that 
reacts with 
Ninhydrin 

Gaunosine and 
gaunidine 

Proposed structure 
of the product 

o 

o 

N 

NAN 
I 
H 

OR 

H 

N 

0 

NAN 
I 
H !Jll 

N> 
N 

I 
R 

where R = H or ~-l.)-ribofuranosyl 
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Table 3.12 (Continued) 

-.------.-.-===-=-==t=:;;=~===~=--=--==-==--===============-.---==-::::.-===-=:== 
Compo un that 

Reference 

Conn & 
Davis 
[ 25] 

Schilling, 
Burchill, 
& Clayton 
[107 ] 

reacts with 
Ninhydrin 

Proposed structure 
of the product 

Creatine No structure proposed 
Dimethylguanidine 
Guanidocetic acid 
l'1ethylguanidine 
Guanidine 

Levulinic acid 

o 

LIV 

OR 

.., 74 -

--0 



Table 3.12 ,(Continued} 

Compound that 
reacts with 

Reference Ninhydrin 
Proposed structure 
of the product 

Schilling 
et al., 
lcont. ) 

Methyl levulinate No structure proposed 
Pyruvic acid 
a-Ketobutyric acid 
a-Ketovaleric acid 
a-Ketoglutaric acid 
Oxalacetic acid 
Phenylpyruvic acid 
p-Hydroxyphenyl-

pyruvic acid 
Ethyl acetoacetate 
y-Ketopimelic acid 
Acetoin 
Dihydroxyacetone 
y-Valerolactone 
Glucuronolactone 
U,L-Glyceraldehyde 
Fructose 
Ascorbic acid 
5-Ketogluconic aci 

Shapiro & Cytosine 
Agarwal derivatives 
[113 ] 
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Table 3.12 (Continued) 

Compoun t at 
reacts with 

Reference Ninhydrin 

Sl:lapiro & 
Agarwal 
(cont. ) 

Proposed structure 
of the product 

H = H 

8-D-ribofuranosyl 

B-D-ribofuranosyl 

2' ,3 1 -cyclic phosphate 

Guin 
[ 44 ] 

Neuzil & 
Labadie 
[ 84 ] 

Cytosine 

Several aliphatic 
amines contain
ing phosphorous 

B-D-ribofuranosyl 

2' (3' )-phosphate 

N--........... 

N~ 

o~ 
N 
I 

H 

OH 
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CHAPTER IV 

HATERIALS AND METHODS 

A. Chemical Sources 

The ninhydrin was supplied by Calbiochem, Inc. The 

ninhydrin first used was triply crystallized from ethanol; 

crystallization decreased the number of pure ninhydrin free 

radicals for about 15 minutes. Since crystallization removed 

the pure ninhydrin free radicals only temporarily and the 

pure ninhydrin free radicals usually did not interfere with 

the observations, ninhydrin was subsequently used as supplied. 

Stohler Isotope Chemicals, 49 Jones Road, Waltham, 

Massachusetts 02154, supplied the CH
3

-CH
2

-OD. The British 

Oxygen Company Limited, Carolyn House, Croydon CRO 2SE, England 

manufactured the 15N-alanine. Calbiochem, Inc. supplied the 

amino acids. Eastman Kodak Co. supplied some of the ascorbic 

acid. The J. T. Baker Chemical Co. provided most of the 

other' reagents--solvents, NaCl, NaHC0
3

, some ascorbic acid, etc. 

B. ESR Instrumentation and Standards 

X-band ESR spectra (frequencies near 9.2 GHz) were 

recorded with a JEOL ME-1X reflection ESR spectrometer equipped 

with a TEOll mode cylindrical cavity resonator. An automatic 

frequency control (AFC) circuit operating at 10 kHz locked 

the klystron frequency to the cavity resonance. Since the APe 

locks the klystron to the cavity, all of the ESR-spectra 

presented are non-dispersive. The magnetic field was modulated 
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at 100 kHz with amplitudes from 0.02 gauss to 10 gauss. 

First-derivative spectra were obtained by phase-sensitive 

detection at 100 kHz. Some spectra were recorded with the 

system as supplied; later, the signal-to-noise ratio was 

improved by about 6 dB by replacing the lN23F microwave 

detector with a "hot carrier" diode (llewlett-Packard 

~082-2757 diode). [ 48) The microwave frequency and the 

microwave power to the cavity were measured at the output 

of a -20dB directional coupler placed to intercept a small 

amount of radiation from the klystron. A Hewlett-Packard 

#432A Power Meter and a Hewlett-Packard #X532B Wave Meter 

were used for these measurements. 

All of the BSR spectra presented in this work are 

first-derivative, non~dispersive absorption spectra. There-

fore the abscissa represents an increasing magnetic field 

and the ordinate measures (~~"), the first derivative of the 

complex magnetic susceptibility with respect to the magnetic 

field. Unless otherwise specified, the ESR absorption spectra 

presented in this work were recorded with the following condi-

tions: the magnetic field was modulated at 100 kHz and the 

modulation width was 0.32 or 0.40 gauss, 4-10 milliwatts of 

microwave power reached the sample, the gain was 100 to 5,000, 

and the response time of the recorder was adjusted so that the 

line shapes were undistorted. Samples were placed in 0.9-1.1 rom 

inner diameter wax-sealed glass capillaries 90 rom in length and 

the capillaries were placed in quartz ESR tubes of 3 rom inner 

diameter and 4 rom outer diameter. 
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The magnetic field was calibrated from spectra of 

3.35 x 10-4 molar, degassed TEMPONE (2,2,6,6-tetramethyl-

piperid6ne-l-N-oxyl) in benzene: 

TEMPONE 

Under these conditions, the hyperfine splitting constant of 

+ TEMPONE was 14.5 _ 0.1 gauss. [14] ESR g-values were 

determined by comparison of the samples with the free radical 

diphenylpicrylhydrazyl, (DPPH), in the solid state or in 

benzene solution: 

• N-N 

l)PPH 
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Poole [91] reported g = 2.0036 _ 0.0003 for DPPH. Another 

g-value marker was used--a standard sample of weak pitch 

adsorbed onto solid KCl--it was provided by Varian Associates, 

Inc. It had 3.3 x 10-4% pitch and contained 1013 spins per 

centimeter of length; the g-value was .2.0028. [91] 

In order to decrease the microwave power to the cavity 

and study samples that power saturate easily, a detachable 

attenuator was used to decrease the power by about 26 dB. 

It was found experimentally that the output of the 

detector was not linearly related to the power at the cavity 

when studying a sample that did not power saturate, Cr(III) 

in ruby, at H = 1,280 guass and v = 9.26 GHz. The signal height 

of the ruby sample was plotted against the power at the cavity; 

correction factors to make the system obey the theoretical 

linear relationship were calculated. All the power satura-

tion data has been corrected using these factors. 

ESR spectra were taken at temperatures from 25°K to 
4 

373°K. Either cold N2 or He gas flowed through a quartz 

vacuum dewar assembly permanently inserted in the cylindrical 

sample cavity. In the 25°K to 77°K temperature range, a 

regulator circuit controlled the temperature within ~ 2°K. 

A carbon-resistance thermometer 10 mm upstream from the 

sample monitored the sample temperature. Within the limits 

of the error in the temperature regulating system, the measure-

ments this thermometer records are the same as measurements 

of a similar carbon resistance thermometer used as a probe 

in the sample location. Nominally, the thermocouples registered 
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These thermocouples 

were calibrated from the experimentally obtained resistance 

values of the boiling liquids, N2 and 4He • Temperatures were 

obtained by interpolation. In the temperature range 77°K 

to 300 0 K a regulator circuit (JEOL JES-VT-3) controlled the 

temperature to ! 0.5°K. Temperatures in 'this region were 

monitored by a copper-constantan thermocouple in the cavity 

upstream from the sample. 

In order to improve the signal-to-noise ratio of the 

recorded spectra, 3 to 200 spectra w~re signal-averaged [91 

using a PDP-8/L laboratory digital computer and an AX08 

Laboratory peripheral Analog-to-Digital Converter (Digital 

Equipment Corporation). The PDP-8/L computer had 8K bits of 

core memory and was equipped with magnetic tape cassette 

reading and writing units supplied by the Mobark Instrument 

Corporation. Spectra were digitized with 500 or 1000 points 

in the x-direction and 1:2
9 

resolution in the y-direction. 

Using the program "Averager" written by Harvard Holmes, 

Lawrence Berkeley Laboratory, spectra were'stored in 4 or 8 

storage blocks. Spectra in these storage blocks could be 

multiplied by a constant, added to other spectra or integrated; 

th~ resulting spectra were displayed on an oscilloscope. 

Several' spectra could be displayed simultaneously. Data from 

the storage ulocks were stored on mag~etic tape cassettes with 

about 60 spectra per tape, displayed on an oscilloscope, 

plotted with an x-y recorder or punched on paper tape in 

a format compatible with the llerkeley Remote Facility (BRF) 
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computer system. Spectra that had been stored on magnetic 

tape were retrievable at any time. ESR spectra were 

simulated using program "EPRSIM" written by Philip D. Morse, III 

and James S. Vincent, University of California, Davis and 

was obtained from the Digital Equipment Users Society (DECUS 

8-238). This computer program calculated spectra with either 
r 

Gaussian or Lorentzian line shapes and accepted as parameters: 

intensity, line width, hyperfine splittings, and the number 

and nuclear spin quantum numbers of the nuclei which cause 

the splittings. 

K-band spectra (microwave frequencies near 23 GHz) 

were taken with the reflection spectrometer shown in Figure 

4.1. The klystron frequency was fixed at the cavity resonance 

by a lock-in system operating at 2.5 kHz. Samples in approxi-

mately 0.1 rom inner diameter quartz capillaries were aligned 

in the TE012 mode cylindrical cavity resonator. Like the 

X-band spectrometer, the K-band spectrometer was modulated 

at 100 kHz. Phase-sensitive detection at 100 kHz produced 

the first-derivative spectra. 

A Cary 14 optical spectrometer equipped with a higli-

intensity visible source was used to record optical spectra. 

C. Problems in Synthesizing Ninhydrin-Amino-Acid Free Radicals 

Choosing a suitable solvent system is necessary in order 

to observe the ninhydrin-amino-acid free radicals. Generally, 

in polar solvents, ninhydrin-amino-acid free radicals are not 

formed, or not stable. In nonpolar solvents, the amino acid 

and protein reactants were sparingly soluble or were insoluble. 
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CAPTION FOR FIGURE 4.1 

1. K-band klystron (microwave frequency range 22 to 26 GHz) 

(OkiElectric Industry, model number 1193). 

2. Isolator (Sylvania, Inc., model numberSYS-3l03). 

3. 20 dB variable attenuators (FXR, Inc., IOOdel number Kls5A). 

4. Circulator (Microwave Associates, Inc., .IOOdel number 

MA8K284#10). 

5. Wave meter (FXR, Inc., model number K4l0A). 

6. Waveguide tunable diode mount (Waveline, Inc., model num

ber 815) •. The diode detector (Sylvania, Inc., model 

number lN2 6C) • 

7. Waveguide tunable crystal detector (FXR, Inc., model 

number K20sB). 

8. X-Y recorder (Hewlett~Packard Co., Moseley Division, 

model. Autograf 7001AR). 

9. The K-band cavity was made by Mrs. Joyce Yarnell, 

Department of Chemistry, University of California, Berkeley. 

It is a cylindrical, wirewound cavity, resonating in 

the TE012 mode. It is loop coupled with a copper loop 

made of 38 or 40 gauge copper wire. The Q of the un-

loaded cavity, measured by Mrs. Yarnell is between 5,000 

and 10,000. 

10. The sample is placed in a quartz capillary. The optimal 

size of the quartz capillary is about 1 rom inner diameter 

when the solvent is 90 percent ethanol-IO percent water. 

Smaller capillaries re.strict the sample size and therefore 

the signal output. Larger capillaries overload the cavity 
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Caption for Figure 4.1 (Continued) 

and as the Q decreases, the sensitivity decreases. All 

the capillaries were made by softening quartz capillaries 

and stretching them until the approximate diameter was 

.reached. 

11. On the opposite sides of the outside of the cavity there 

are two hand-wound modulation coils. Each coil has 350 

turns of #36 gauge formvar insulated copper wire. The 

diameter of the coils is approximately 0.87 in. 

12. 5l0! 5 percent microfarad capacitor. 

13. 100 kHz Field Modulator and Control Unit (Varian Associates, 

* Inc., model number V~4560 ). 

14. EPR Control Unit (Varian Associates, Inc., model number 

* V-4500-l0A). The microwave "leakage" at the crystal 

detector may be measured by connecting the crystal detector 

to the EPR Control Unit, 114. The input to this unit is 

by way of the Modulation Unit, #11. The best operating 

condition is when there is a 50-350 milliwatt "leakage." 

This "leakage" comes from not having a critically coupled 

cavity. This can be controlled, with difficulty, by 

varying the position of the copper loop coupler. 

l5~ Nine-inch magnet (Varian Associates, Inc., model number 

* V-340l ). 

* 16. Power supply (Varian Associates, Inc., model number V-2503 ). 

It has two parts: 

* All Varian Associates, Inc. instruments used here are part of 
a Varian Associates V-4502 X-band ESR system. 
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Caption for Figure 4.1 (Continued) 

(a) Fieldial Magnetic Field Regulator and Sweep Unit 

(Varian Associates, Inc., model number V-FR2503). 

(b) Current regulated power,supply. 

17. Phase Lock Amplifier (Ithaco, Inc., model nwnber 353) • 
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90 percent ethanol-10 percent water optimized the solubility 

restrictions. Other solvents were used: they are discussed 
I 

I 

in Chapter VI. Unfortunately, most amino acids were very 

insoluble in 90 percent ethanol-lO percent water; in fact, 

precipitation in ethanol-water has been one of the standard 

methods of amino acid and protein purification [42 ]. 

Table 4.1 gives the solubilities of some amino acids in 

ethanol~water mixtures. The amino acid solubility was greatly 

enhanced by salt formation J 42]. 'The sodium salts and the 

hydrochlorides of the aliphat1c and aromatic amino acids were 

more soluble in ethanol-water mixtures than the zwitter ions 

of th~se amino acids. If both basic groups of basic amino 

acids were neutralized, the molecule behaved as an organic 

acid and became ethanol soluble. If only one of the basic 

groups, was neutralized, the molecule was insoluble. Similarly, 

the disodium salts of the dicarboxylic amino acids were more 

soluble in ethanol than the monosodium salts. The sodium 

salts of the basic amino acids were alcohol soluble because 

they were similar to strong organic acids. The hydrochlorides 

of the dicarboxylic amino acids were soluble because they 

behaved as organic dicarboxylic acids. As the length of the 

side chain of the amino acid was increased, 'the zwitter ion 

became a smaller part of the inolecule arid the molecule became 

more aliphatic and more soluble in nonpolar solvents. 

'fhere fore, as shown in Table 4.1 the di fference between the 

solubilities of glycine in water and in ethanol was greater 

than the difference between the solubilities of alanine in 
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Table 4.1 

Solubility of Peptides and Amino Acids 

in Water, Ethanol-Water, and Ethanol Solutions, in Terms of Log concentrationa,b,C 

Amino Acid 

Glycine 

DL-Alanine 

B-Alanine 

DL-Valine 

DL-Norleucine 

L-Leucine 

L-Aspartic acid 

L-Asparagine 

Glycylglycine 

Triglycine 

Water 20% 40% 

-1.247 -1.545 -1.910 

-1.491 -1.728· -1.987 

-0.816 -0.876 ~1.011 

-1. 967 -2.175 -2.395 

-2.801 

-2.503 

-3.168 

-2.468 

-1.522 

-2.241 

-2.971 

-2.695 

-3.513 

-2.810 

-1.948 

-3.083 

-2.827 

-3.793 

":'3.135 

-2.436 

L-Glutamic acid -2.97~ 

L-Glutamine 

DL-Serine 

Dt.-Threonine 

Arginine 

Asparagine 

Histidine 

Hydroxyproline 

Isoleucine 

Lysine 

-2.269 

-2.065 

-1.507 

-1.699 

-1.972 

-1.634 

-2.118 

-1.626 

-1.352. 

60% 

~2.339 

-2.334 

-1.283 

-2.599 

-3.102 

-2.889 

-4.114 

-3.514 

-2.977 

80% 90% Ethanol 

-2.975 -3.595 -4.638 

-2.863 -3.441 -4~347 

-2.033 -2.759 -3.955 

-2.971 -3.376 -4.125 

-3.304 -3.573 -4.215 

-3.109 -3.455 -4.125 

-4.580 -5.019 -6.167 

-5.870 

-3.845 -4.648 -5.889 

-4.636 -5.672 -7.206 

-5~967 

-5.735 

-5.427 

-4.577 

Temp °C 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

20 

20 

. 22 

22.5 

20 

20 
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Table 4.1 (Continued) 

Amino l\.cid Water 20% 40% 60% 80% 90% Ethanol TeIl1P °c 

Hethionine -2.271 25 

. Pheny lalanine -1.932 20 

Proline -2.061 23.4 

Tryptophan -1.994 25 

aConcentration = molarity of the saturated solution. "Percent" refers to volwne percent 
of ethanol. 

b The data in this table is taken from review articles in references (~3] and (~2]. 

c rf 10-3 moles of amino acid were dissolved in 1 liter of solvent, ·the logarithm of 
the concentration would be .-3. . 



water and ethanol and the solubility differences decreased 

still farther f9r valine and leucine. Cohn [ 43] found that 

CaCl 2 was the salt most effective in dissolving L-cystein in 

water; NaCI was the second most effective salt. By experiment, 

NaCI was found to be more effective in producing ninhydrin

amino-acid free radicals than KCl,_ sucrose, HPO~, H2Po~, 

CaCl2 , and l~so4' 

In the reaction mixture, NaHCo
3 

and ascorbic acid served 

both to adjust the pH of the solution and to create CO
2 

in 

excess. CO
2 

was one of the (expected) products of the most 

cornmon reaction pathway of ninhydrin and amino acids. The 

presence of the excess CO
2 

in solution might force the reac

tion to use a different pathway than the most conunon one. 

Ninhydrin-amino-acid free radicals were made using 

only ninhydrin and the amino acid in a solvent; however, the 

ESR signals were never as strong as those signals produced 

when other ions were present. 

D. The Synthesis of aTypical Free Radical: The Ninhydrin

Tryptopnanyl F-ree Radical 

The following method produced the highest concentration 

of ninhydrin-tr,yptophanyl free radicals in solution. 

Samples were prepared by mixing a ninhydrin solution 

and an amino acid solution and heating the mixture. Concen-

trate~ (2M-3M) solutions of ninhydrin in 90 percent ethanol-

10 percent water: were prepared by heating the mixture to 

55~65°C td dissolve the ninhydrin. Occasionally during the 

heating; a blue-green color appeared reversibly: probably 
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the color was "dehydrated ninhydrin," indant.rione [110). 

The amino acid solution was made in a 15 ml centrifuge cone; 

to about 10 ml of 90 percent ethanol-lO percent water, the 

following reagents were added in excess, in the following 

order: ascorbic acid, tryptophan, sodium chloride and 

sodium bicarbonate. The centrifuge cone was covered and the 

mixture equilibrated for 30 minutes to 2 hours with occasional 

stirring. Then, about 0.5 ml of the ninhydrin solution was 

added to the cone and the sample was heated in a hot water 

bath to 55°-65°C for about 10 minutes. The sample was drawn 

into a syringe and injected into a capillary with an inner 

+ 1 diameter of 1.0 _ o. rnrn. Both quartz and glass capillaries 

were tested for paramagnetic impurities; neither had impuri-

ties that distorted the ESR spectra in the very restricted 

region under observation. The glass capillaries were used. 
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CHAPTER V 

EXPERIMENTAL DATA FOR THE CHEMICAL STRUCTURE 

OF NINHYDRIN-AMINO-ACID FREE RADICALS 

This chapter deals with the eviden,ce for the chemical 

structures of ninhydrin-amino-acid free radicals, specifically, 

with the data which identifies the molecules and atoms which 

are associated with these free radicals and the bonding 

between atoms. The ESR spectral line shapes and line broadening 

mechanisms will be discussed in the next chapter. 

A. ESR Spectra of the Ninhydrin-Amino-Acid Free Radicals 

Figure 5.1 shows the solution spectra of eight 

ninhydrin-amino-acid free radicals. Table 5.1 summarizes the 

measured hyperfine splitting constants. Since ninhydrin

amino-acid free radicals may become trapped ina precipitate 

during their formation, all of the free radical samples used 

in these experiments were examined carefully for solid matter. 

None of the samples in Figure 5.1 contained precipitates. 

Also theninhydrin-tryptophanyl free radical and the 

ninhydrtn~guanidinated-lysyl free radical retain their 

characteristic ESR spectra if the solutions are passed through 

Millipore filters which exclude particles larger than 0.45 lJlll,., 

The free radicals which could not be obtained free 

from precipitates are shown 1n Figure 5.2. 

The spectral splittlngs and line ~hapes of the ninhydrin

tryptophanyl free radical is approximately constant as the 
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Figure 5.1: The ESR spectra of: 

(a) The ninhydrin-alanyl free radical in 90 percent ethanol-

10 percent H
2

0; 0.32 gauss modulation, 15 milliwatts to 

the cavity. 

(b) The ninhydrin-arginyl free radical in 90 percent ethanol-

10 percent H
2

0; 0.4 gauss modulation, lOmilliwatts. to 

the cavity. 

(c) The ninhydrin-aspartic acid free radical in 90 percent 

dimethylsulfoxide-10 percent H2 0; 0.4 gauss modulation, 

10 milliwatts of power to the cavity. 

(d) The ninhydrin-phenylalanyl free radical in 90 percent 

ethanol-10 percent H20; 0.4 gauss modulation and 100 

milliwatts to the cavity. 

(e) The ninhydrin-lysyl free radical in 90 percent ethanol-

10 percent H 0; 0.4 gauss modulation and 40 milliwatts . 2 

to the cavi ty • 

(f) The ninhydrin-guanidinated-lysyl free radical in 90 per-

cent ethanol-10 percent H
2

0; 0.4 gauss modulation, 4.0 

milliwatts of power to the cavity. 

(g) The ninhydrin-prolyl free radical in 90 percentethanol-. 

10 percent H
2

0; 0.32 gauss modulation and 15 milliwatts 

of power to the cavity. 

(h) The ninhydrin-tryptophanyl free radical in 90 percent 

ethanol-10 percent H
2

0; 0.32 gauss modulation, 21.6 

milliwatts of power to the cavity. 
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Figure 5.1 (Continued) 
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e. 

LYSINE ~ 10 G j.-

f. 

--.j 10 G j.-
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Figure 5.1 (Continued) 
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Table '5.1 

Experimentally Determined Hyperfine Splitting Constants and 

Ratios for Some Ninhydrin-Amino-ACid Free Radicals 

. b c a d aN aH H 
Amino Acid (gauss) (gauss) aN 

Alanine a 5.85 1. 07 0.183 
15 . , a 

N . -alanl.ne 9.31 1.54 0.165 
, , a 

Ar g l.n l.ne . 7.91 1.96 0.248 

, 'da Aspartl.c acl.·. 6.72 1.41 0.210 

Blocked lysine, a 

a-amino 8.95 13.1 1. 46 

Unblocked lysine, a,e 

a-amino 9.10 14.4 1.58 

Unblocked 1 ' a,e YSl.ne, 
E-amino 3.25 13.2 4.06 

Phenylalanine 
a 

5.76 2.15 0.373 

Tryptophan 
a 

7.04 3.78 0.537 

aAll of the data presented here are for free radicals in a 
90 percent ethanol-IO percent water solvent system except 
for the ninhydrin-aspartic-acid free radical which was in 
90 percent dimethylsulfoxide-IO percent water •. 

bThe error for ~ is approximately! 0.2 gauss. 

c The error for aH is approximately: 0.5 gauss. 

d a H + The·error for is _ 0.09. 
a 

N 

eLysine forms a biradical. 
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Table 5.2 

Experimental g-Values of Some Ninhydrin

Amino Acid Free Radicals in 90% Ethanol-lO% Water 

Amino Acid 

Alanine 

Glutamicacida 

1 
. a G YCl.ne . 

Isoleucinea 

Leucinea 

a Methionine 

'rryptophan 

Valinea 

g-Value 

2.033 

2.025 

2.023 

2.026 

2.025 

2.027 

2.033 

2.024 

aAllof these free radicals were precipitated. 
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Figure 5.2: 'l'he ESR spectra of some ninhydrin-amino-acid 

free radicals which are trapped in grey precipitates; the 

precipitate is presumably similar to XXXXVII. 

(a) The ninhydrin-glycyl free radical, the solvent is 90 

percent ethanol-10 percent H
2
0; 0.5 gauss modulation 

and 21.3 milliwatts of power to the cavity. 

(b) The ninhydrin-isoleucyl free radical, the solvent is 

90 percent ehtanol .... lO percent H
2

0; 0.32 gauss modula

tion and 10 milliwatts of power to the cavity. 

(c) The ninhydrin-methionyl free radical in 90 percent 

ethanol-10 percent H
2

0; 0.4 gauss modulation, 10 milli

watts of power to the cavity. 
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temperature is varied between 60°C and about .-lOGC. Below 

-10°C a slow transition from the solution spectrum to a 

powder spectrum occurs, the frozen free radical spectrum is 

shown in Figure 5.8. In the range -10°C to 60°C, minor line 

width alterations occur, as are predicted for the solution 

spectra of an inhomogenously broadened free radical; the 

variation in the line widths will be discussed' in Chapter VI. 

The narrow spectrum superimposed on the spectra of 

the ninhydrin-lysyl free radical (Figure5~le), the ninhydrin

guanidinated-lysyl free radical (Figure 5.lf) and the 

ninhydrin-prolyl free radical (Figure 5.lg) is due to the 

pure-ninhydrin free radical described by Russell and Young 

[106] and discussed in Chapter III~ Expansion of the 

ninhydrin-amino-acid free radical spectra in this region shows 

that the narrow spectrum has five or nine lines; this feature 

is characteristic of the pure-ninhydrin free radical. These 

three ninhydrin-amino-acid free radicals could not be ob

tained without the pure-ninhydrin free radicals in the 

solution. 

The ninhydrin-alanyl free radical contains several 

weak hyperfinesplittings. Presumably they are due to the 

interaction of the unpaired electron with the isotope c13 

which has a low natural abundance. 

Under conditions which permit the formation of 

'ninhydrin-amino-acid free radicals, both a-amino groups 

and E-amino groups will react with ninhydr~n. Therefore 

the ninhydrin-lysyl free radical may form a biradical in which 
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exchange interactions between the two unpaired electrons may 

occur; if spin exchanges occur, the ESR spectra will not be 

the sum of the spectra of the two spectra of the individual 

component free radicals; that is, extra absorption lines 

may occur, the hyperfine splittings may be altered or the 

lines may be broadened. The ninhydrin-lysyl free radical 

spectrum may be analyzed by comparing it with the spectrum 

of the ninhydrin-guanidinated-lysyl free radical in which 

the E-amino group of lysine has been blocked by guanidina

tion, as described in Appendix II. Blocking the reactivity 

of the lysine E-amino group by guanidination retains the 

charge and, for this reason, was used instead of other methods 

of blocking the E-amino group. After comparing the spectra 

of the ninhydrin-lysyl free radicals and the ninhydrin

guanidinated-lysyl free radicals, and thehyperfine splittings 

of the other free radicals shown in Table 5.1, it is apparent 

that there is a spin exchange interaction between the unpaired 

electrons, but that the interaction is small. 

The ninhydrin-prolyl free radicalESR spectrum is very 

different from the spectra of the other ninhydrin-amino-acid 

free radicals. Although the spectrum cannot be analyzed 

accurately because of interference from the pure-ninhydrin 

free radicals, some general statements may be made about the 

architecture of the ninhydrin-prolyl free radical •. Assuming 

the nitrogen nucleus is represented in the spectrum, as dis

cussed in section C, the general number and intensities of the 
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lines may be explained if· there are _~hyperfine,split~illqs 

from three or more protons in different environments. The 

amino acid, proline, has three protons, approximately equiva

lent, located on the two carbons adjacent to the nitrogen nucleus. 

B. The Characterization of Ninhydrin-Amino-Acid Free Radicals 

by Chemical Methods 

The molecular structure of ninhydrin-amino-acid free 

radicals cannot be determined by the standard chemical 

techniques, ~by the determination of the molecular weight 

or the atomic composition of the free radical species. This 

happens because ninhydrin-amino-acid free radicals cannot be 

purified. The evaporation of a solution of free radicals 

yields a brown oil instead of a crystalline matrix containing 

free radicals. Often the production of an oil instead of a 

purified crystalline product is caused by the presence of 

several solutes in the solution, therefore attempts have been 

made to purify the free radical solutions. Unfortunately 

all types of ninhydrin-amino-acid free radicals decay if 

solutions containing them are manipulated; for example, merely 

diluting a solution of free radicals destroys a considerable 

amount of the free radicals. In spite of this, efforts to 

purify the free radicals have been made. Solutions of free 

radicals have been subjected to: (a) thin layer chromatography 

on silica gel plates with ethanol-water and ethano1-water

benzene e1uents, (b) chromatography on Sephadex and on 

polyacrylamjde gels with ethano1-water-benzene e1uents and 

(c) paper chromatography with ethanol-water and ethanol-water 
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benzene solvents. Only paper chromatography yields purified 

free radicals. 

All of the paper used for chromatography was pre-run 

by placing it in the chromatographic solvent container and 

allowing the solvent frobt to sweep the impurities well beyond 

the region of the paper. that would later effect the free 

radical purification. Befo~e ~se, the chromatographic paper 

was thoroughly dried. The sample is distributed evenly 

about 1.25 inches from the bottom of the paper and then is 

placed in the solvent container for 30 minutes toone hour. 

If the solvent consists of two parts of benzene, two parts of 

water and five parts of ethanol, the free radicals are found 

55 to 85 percent of the distance between the point of the 

initial application of the free radicals and the solvent 

front. The free radicals may be eluted from the paper with 

90 percent ethanol-10 percent water. The free radicals in 

the purified solution are unstable and decay in about one hour; 

an unpurified solution of free radicals decays in about 1-1/2 

days if the solvent is 90 percent ethanol-10 percent water. 

The shortened lifetime of the purified free radicals prevents 

their crystallization. Although cooling the free radical 

solution retards the decay of the radicals, such cooling does 

not increase the lifetime of ninhydrin-tryptophanyl free 

* . radicals long enough for crystallization to occur. 
w 
(See next page) 
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* Once, after storing a capillary of ninhydrin-tryptophanyl 
free radicals for several days, crystals were formed in 
it. Two types of crystals formed--one type clear and 
cubic, very much like crystals of NaCli the other type was 
deep red and rod-shaped~ On cracking the s~ple tube and 
exposing the samples to air, the crystals disintegrated, 
perhaps because the crystals contained solvent or perhaps 
because the radicals themselves were unstable without 
surrounding solvent. Further attempts to grow ninhydrin
amino-acid crystals in this way failed. 
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Qualitatively, the reaction with amino acids·other 

than proline produced purple or deep red-brown solutions. 

The red-brown solutions seemed to have a slightly higher 

radical content than the purple sOlutions. The reaction 

of ninhydrin with proline produces a golden-brown solution. 

Bo·th types of reaction produce gray or brown precipitates 

which contain small amoUnts of the free radical; the precipi

tates may trap some of the free radical, but the precipitates 

themselves are not paramagnetic. 

Quantitatively, some optical spectroscopy has been done 

on ninhydrin-amino-acid free radicals; however, this work has 

been generally unsuccessful because of the fragility of the 

free radical species. For observation, the samples must be 

diluted because products of the reaction other than the free 

radicals make the solution optically dense. However, as 

mentioned before, if the solution is diluted, a large per

centage of the free radicals are lost. The visible spectrum 

of the ninhydrin-tryptophanyl free radical in 90 percent 

ethanol-10 percent water is shown in Figure 5.3. When the 

radical is first made, ,there are peaks at 360, 452, and 561 nm; 

also, there is a broad band at about 413 run. One day later, 

the same solution has peaks at 406 and 561 nm. The peak at 

406 nm may have been covered by the peak at 360 nm. Four days 

after the initial formation of the radicals, the spectrum is 

the same as it was one day after the start of the reaction. 

If the original solution is diluted four days after it is 

made instead of immediately, the spectrum is relatively 
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. 
Figure 5.3: The visible spectrwn of the ninhydrin-tryptophanyl 

free radical in 90 percent ethanol-lO percent water. (a) This 

spectrwn was taken immediately after the free radical solution 

was made; (b) one day later; (c) three days after (b); (d) This 

is a dilution of the free radical solution which was made four 

days after the ,solution was made initially. The final dilution 

is identical to the dilution of free radicals in (a), (b) and 

(c). The ultraviolet spectra of these solutions are shown in 

Figure 5.5. 
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featureless; the most notable feature of this spectrum is 

the strong absorption below about 400 nm even if the final 

dilutions are identical. The spectrum of ninhydrin in 90 per

cent ethanol-10 percent water. is shown in Figure 5.4. None 

of the peaks in the visible spectrum of ninhydrin explain the 

peaks in the free radical mixture. Similarly, neither ascor

bic acid nor tryptophan have absorption peaks in this region 

[133, 61, 137 ]. 

The ultraviolet spectrum of the ninhydrin-tryptophanyl 

free radical in 90 percent ethanol-lO percent water is shown 

in Figure 5.5. Initially, there are peaks at 229 and 254 nm. 

One day later, the 229 peak is still there but is slightly 

diminiShed; the 254 nm peak is considerably diminished. Three 

days after this, the 229 nm peak is smaller still although the 

254 nm peak has not changed very much. In all of these spectra, 

there seems to be a broad peak at about 282 nm which is par-

·tially covered in the first sample by a strong absorption band. 

The mixture that was diluted after the radical decayed has a 

peak at 226 nm--it is very much smaller than the 229 nm peak. 

This diluted solution also has small peaks at about 254, 

217, and 282 nm. 

Ascorbic acid, one of the components of the reaction 

mixture has an absorption peak at 263 nm in 90 percent 

ethanol-lO percent water, as shown in Figure 5.6. In 90 per

cent ethanol-lO percent water, tryptophan has absorption peaks 

at 290, 281, 272, 261, 254, 249, and 243 nmi as shown in 

Figure 5.7. These lines are due to a single w~w* transition [133]. 
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Figure 5.4: The spectrum of ninhydrin in 90 percent ethano1-

10 percent water. E is ·the molar extinction coefficient. 

(a) The ninhydrin concentration is 1.48 x 10-5 M. 

(b) The ninhydrin concentration is 7.87 x 10-5 M. 

(c) 'fhe ninhydrin conoentration is 3.93 x 10-4 M. 

.. \ 
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Figure 5.5: The ultraviolet spectrum of the ninhydrin

tryptophanyl free radical in 90 percent.ethanol-10 percent 

water. (a) When the free radicals are first made. (The 

sample is diluted 1 to 10
4
). (b) One day later. (c) Three 

days after (b). (d) A dilution of the free· radical solution 

which was made four- days after the solution was made 

initially. The final dilution is identical to the dilution 

of free radicals in (a), (b) and (c) • 
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Figure 5.6: The ultraviolet spectrum 

of ascorbic acid in, 90 percent ethanol

-5 10 percent water (2.95 x 10 M) • 
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Figure 5.7: The ultraviolet spect~um 

of tryptophan in 90 percent ethanol

-4 10 percent water (3.06 x 10 M). 

The ultraviolet spectrum of the free radical contains 

a peak at 254 nm and so does tryptophan; however this peak is 

much smaller in the tryptophan spectrum than it is in the free 
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radical spectrum. Also, if the tryptophan lines are due to 

a single transition, then all of the tryptophan lines should 

be present, not just the 254 nm line. 

Since the ninhydrin-amino-acid radicals have not been 

purified, it is impossible to find their molecular weight, 

melting points, solubility, or any of the other standard 

constants which are used to characterize compounds. More 

information can be obtained from ESR spectra, but the usual 

chemical techniques yield very little information about the 

free radical structure." 

C. The Molecular Structures and Interactions \ihich Produce 

the Major Splitting's in the ESR Spectra of Ninhydriri

Amino-Acid Free Radicals 

The reaction of ninhydrin with most amino acids produce 

radicals which have six-line ESR spectra, as shown in Figure 5.1. 

The exceptions to this are the radicals formed with proline, 

lysine, and glycine. Proline, a secondary amino acid, probably 

forms a slightly different radical species than the primary 

amino acids. Ninhydrin reacts with both amino groups of 

lysine and twelve-line ESR spectra are formed. Under the 

conditions shown in Figure 3.7, the ninhydrin reaction is 

specific for ex-amino groups, however the conditions for radical 

production are not conditions under which the ninhydrin reaction 

is specific for the ex-amino group. Consequently, the e:-amino 

group on lysine must be chemically blocked; this also will be dis

cussed later. Theninhydrin-glycyl free radical tends to preci

pitate; as a result, most of the spectra for this radical are 
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broad lines. 

A six-line spectrum could be produced by the hyperfine 

splittings in Eqn. 2.6. If this were the case, the orbital 

of the unpaired electron would encompass at least two nuclei; 

one nucleus would have a nuclear spin 1= 1 and the other 

nucleus would have a nuclear spin I = 1 
2 

When the spectral 

line shapes are analyzed in the next chapter, it will be 

apparent that more than two nuclei produce the spectra 

characteristic of the ninhydrin-amino-acid free radicals. 

The splittings from each nucleus or group of nuclei may be 

considered separately. 

This type of spectrum might also be produced if the 

g-value in Eqn. 2.6 were anisotropic. Spectral lines produced 

by anisotropic g-tensors are often notoriously distorted; such 

distortions could account for the relatively unusual shapes 

of the spectral lines. In addition, if the free radicals 

are frozen their spectra are almost exactly those that would 

be expected if the signal was due to anisotropic g-values. 

Figure 5.8 shows the spectrum of a frozen ninhydrin-tryptophanyl 

free radical. 

In order to differentiate between the two types of 

interactions, free radical spectra have been taken using two 

different microwave frequencies, X-band (about 9.2 GHz) and 

K-band (about 23 GHz). The theoretical rationale ·for this 

approach has been discussed in Chapter II. Briefly, altering 

the microwave frequency alters the Zeeman interaction term 

but not the term responsible for the hyperfine interaction 
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~ 10 G I-+-

FROZEN TRYPTOPHAN 

Figure 5.8: The spectrum of the 

ninhydrin-tryptophanyl free. radical 

in 100 percent ethanol, 0.5 gauss 

modulation and 4.8 milliwatts of 

power to the cavity, l65°K. 

in Eqn. 2.6. Therefore, if an anisotropic g-valueproduces 

the splittings, increasing the microwave frequency increases 

the splittings between the spectral lines. If, however, the 

spectrum is created by hyperfine interactions, increasing the 

microwave frequency leaves the spectrum unchanged. 
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Figure S.9 shows the K-band and X-band spectra of 

the ninhydrin-tryptophanyl free radical. Since the free radi-

cals were observed with two different spectrometers, the 

scales on the x-axes are different. Actually, the K-band spec

trum has splittings of a l = 7.89 gauss and a l / 2 = 4.79 gauss 

and the X-band spectrum has splittings ofal = 7.79 gauss and 

al / 2 = 3.94 gauss, where a l and a
l

/ 2 represent hyperfine 

splittings from nuclei with I = 1 and I = 1/2 respectively. 

The splittings are identical, within experimental error-

certainly the lines have not shifted 1.5 times the X-band 

splittings, as would be expected if the spectra were caused 

by a g-value anisotropy as discussed in Chapter II. The 

spectra on the ninhydrin amino acid radicals must be due to 

hyperfine interactions. 

Since spectra are caused by hyperfine interactions, 

it is possible to identify the nuclei with nonzero 'spins 

which could create such spectra. To create six-line spectra: 

with each line approximately the same int~nsity, the orbital 

of the unpaired electron must include two nuclei--one with a 

nuclear spin of 1 and the other with a nuclear spin of 1/2. 

Presumably, the nucleus with I = 1 is the amino nitrogen of 

the amino acid; there are no other nuclei with I = 1 in the 

reaction mixture. This has been experimentally verified. 

'rhe nucleus with J = 1/2 is probably a hydrogen, its possible 

locations are discussed below. One method of identifying 

nuclei wh~ch are responsible for ESR hyper fine splittings is 

to replace them with atoms or groups of atoms that have 
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(a) 

~ 5 G 1+-' 

TRYPTOPHAN 

(b) 

5 G . 1 I'" .' ~ 

Figure 5.9: (a) This is the ninhydrin-tryptophanyl free 

radical shown in Figure 5.1. It is an X-band spectrum. 

(b) This is the spectrum of the ninhydrin-tryptophanyl free 

radical in 90 percent ehtanol-10 percent water observed with 

a K-band ESR spectrometer with v= 22.94 GHz. 
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different nuclear spins or different nuclear gyromagnetic 

ratios. _ For 
15 

N nucleus, 

, 14 
example, an N nucleus may be replaced by an 

1, 1 d 'h 2 l' or H nuc1e1 may be rep ace W1tl ~. Rep aC1ng 

nuclei may not give clearly defined new spectral lines, but 

if'the nuclei are responsible for the hyperfine sp1ittings, 

the spectral lines should be at least broadened or distorted 

by the change in nuclei. These changes in the spectra can be 

explained by changes in I and g in Eqn.2.7. 
N 

In order to identify the nuclei responsible for the 

various hyperfine sp1ittings in the spectra of the ninhydrin

amino-acid free radicals, free radicals were made with isotopi-

cally substituted amino acids. Consider the spectra of an 

N15-alanyl free radical and an N14-alanyl free radical, as 

shown in Figure 5.10. The spectrum of the N14-a1anyl free 

radical contains what appears to be three major absorption 

lines, but it can be shown to be six lines, if the spectrum 

is simulated by program EPRSIM discussed in Chapter IV. The 

ninhydrin-N 15-alanyl free radical contains four major spectral 

1111es.The change in the number of hyperfinesplittings with 

the exchange of nuclei indicates that the amino nitrogen 

nucleus is present in the ninhydrin-alanyl free radical. 

In an effort to identify the nucleus with I = 1/2 

which also is represented in the spectrum of the ninhydrin-

amino-acid free radicals, free radicals were prepared with 

C2-OD-ninhydrin, prepared by the method in Appendix II, in 

90 percent CH
3

-CH
2

-OD-10 percent D
2

0 exhi~ited identical 

spectra as those free radicals prepared with C2-OH ninhydrin. 
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Figure 5.10: (a) This is the ninhydrin-Nl4 -alanyl free 

radical shown in Figure 5.1, a; (b) this is the ninhydrin~ 
15 

(a) 

(b) 

N -alanyl free radical in 90 percent e~hanol-10 percent water 

with 0.20 gauss mqdulation and 4.0 milliwatts of power to the 

cavity. 
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The nature of the free radical complex may be further· 

elucidated by studying the ratios of the nitrogen hyperfine 

splitting constants to the hydrogen hyper fine splitting 

constants for the various amino acids, as shown in Tables 5.1 

and 5.3. 

It is important that the ratios of the hyperfine 

splittings be considered instead of their absolute values be-

cause the unpaired electron delocalizes to different degrees 

into the side chains of the different amino acids. This de-

localization may change the total spin density of the un-

paired electron available to the nitrogen and the hydrogen 

nuclei, and hence the values of the hyperfine constants. 

However, this delocalization should not change the ratio of 

the. spin density at the nitrogen nucleus to the spin density 

at the hydrogen nucleus. If the H nucleus is attached directly 

to the N nucleus, 

./ 1 ... a H ~ = .25 - 0.05 (3.6) 

None of the a /a ratios in TablesS.l and 5.3 fall in this 
H N 

range, therefore the hydrogen atom cannot be directly attached 

to the nitrogen atom. Presumably the nitrogen is bonded to 

a carbon atom which is bonded to the hydrogen nucleus which 

causes the hyper fine splittings; the CQ-hydrogen on the amino 

acid could be the hydrogen nucleus responsible for the 

splittings. 

Also, the aH/aN ratio exhibits a rather wide range of 

values, which could occur if the hydrogen atom was.rigidly 

fixed at various angles to the orbital of the unpaired electron 
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Table 5.3 

Hyperfine Splitting Constants and Ratios for 

Some Published Ninhydrin-Amino-Acid Free Radicals 

Amino Acid 

Glycinea 

Alanine,a 
aspartic acid, 
histidine, 
phenylalanine, 
tyrosine 

Serinea 

aN 
(gauss) 

13.5 

4.8 

7.8 

a H 
(gauss) 

3.6 

1.5 

3.3 

0.27 

0.31 

0.42 

aThese values were estimated, with difficulty, 
from the published spectra of Yuferov at al. 
[140] • The errors here are at least !l. 0 gauss • 
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at the nitrogen nucleus. If the molecular skeleton is not 
". . 

rigid, and the nuclei may rotate freely with respect to 

each other, the hydrogen nuclei in all cases would be in 

an average environment, and the ratios of the hyperfine 

splittings would be constant. 

Hyperconjugation could explain the variation in the 

,aH/a
N 

ratios. Hyperconjugation is the mixing ofa 'IT-orbital 

with the ring 'IT-orbitals of the, ninhydrin molecule. In 

the ninhydrin-amino-acid free radicals, the unpaired electron 

at the nitrogen nucleus must be in a p - orbital, and the 
z 

nitrogen nucleus must form a double bond to another atom. 

'l'he variation of the hyperfine ratios restricts the 

possible molecular structures for the free radical complex 

considerably. First, it requires that the nitrogen and the 

hydrogen nuclei have different positions relative to each other 

in the different free radicals and that these positions are 

fixed in each free radical species. If the molecular system 

is not rigid, and the nuclei may rotate freely with respect 

to each other, the hydrogen nucleus in all cases would be in 

an average environment, and the ratios of the hyperfinesplittings 

would be constant. Actually', of course, the nuclei are not 

completely rigid. 

The equation for the variation of hyperfine splitting 

constant with hyperconjugation given by Carrington and McLachlan 

(19] ~ 

(5 ... 1) 
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where: 

~ is the angle that the CS-H bond of the amino acid 

residue is twisted from the z-axis on which the p -orbital 
z 

of the nitrogen nucleus lies. 

ilO and il2 are constants. 

Unfortunately, Eqn • .5.1 cannot be solved explicitly 

for the various free radicals listed in 'I'ables 5.1 and 5.3, 

because Bo and B2 are both unknown. 

D. Spectra of the Free Radicals Formed in the Reaction of 

Ninhydrin with Dipeptides and Bovine Serum Albumin 

The spectra of the free radicals formed in the reaction 

of ninhydrin with alanyl tryptophan and tryptophanyl-alanine 

* are shown in Figure 5.11. Notice that the spectra of these 

two free radicais are different, indicating that the ninhydrin 

molecule is attached to a specific site on the dipeptide, pre-

swnably this site is the N-terminal amino group of the peptide. 

Both of these spectra have been obtained with difficulty 

because of the limited solubility of the dipeptides in 90 per-

cent ethanol-10 percent water. 

The ninhydrin-ala try radical contains eight lines. The 

central six lines look very much like the ninhydrin-tryptophanyl 

free radical, however the corresponding hyperfine splittings 

* Conventionally peptides are named by listing the N-terminal 
amino acid residue, followed by the remaining amino acid 
residues, in sequence. Ninhydrin-peptidyl free radicals 
will be named using the standard. abbreviations for amino 
acid residues; e.g. the free radical formed by the reaction 
of ninhydrin and alanyl tryptophan will be named the ninhydrin
alatry free radical. 
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L-ALANYL- L-TRY PTO PHAN 

L-TRYPTOPHAN-L-ALANINE 
.~ 5 G I-+-

Figure 5.11: . (a) The ESR spectrum of the ninhydrin-alatry 

free radical in 90 percent ethanol-10 percent water; 0.32 

gauss modulation and 27 milliwatts of power to the cavity. 

(b) 'ithe .t;SR spectrum of the ninhydrin-tryala free radical in 

90 percent ethanol-10 percent water; 0.32 gauss modulation 

and 87 rililliwatts df power to the cavity. 
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are approximately one-half of the hyperfine splittings of 

the ninhydrin-tryptophanyl free radical. The hyper fine 

splittings of the central six lines which are similar to 

the ninhydrin-tryptoi->hanyl free radical are aN ... 2.94 gauss 

and a
H 

== 2.20 gauss. Compare these values with those in 

'l'able 5.1. 

The ninhydrin-tryala free radical also. contains eight 

·major lines, one of which is partially distorted by the 

spectrum of the pure ninhydrin free radical. The eight lines 

are approximately evenly spaced with splittings between the 

successive peaks of the spectrum of 3.65, 3.14, 3.65, 3.14, 

3.72, 2.75 and 3.72 gauss respectively. These splittings are 

not obviously related to the splittings of either the ninhydrin

alanyl free radical or the ninhydrin-tryptophanyl free radical. 

Figure 5.12 shows the spectrum of the free radical 

formed during the reaction of ninhydrin with bovine serum 

albumin, BSA. This free radical is mixed with pure ninhydrin 

free radicals; it was never possible to obtain free radicals 

with BSA which were free of pure ninhydrin free radicals. 

Solubility is a major problem, most proteins are 

extremely insoluble in ethanol-water mixtures. These ninhydrin

BSA free radicals are made by.dissolving the BSA in 50 per-

cent ethanol-50 percent water, with ascorbic acid, sodium 

chloride, and sodium carbonate, then the ninhydrin is dissolved. 

in ethanol and mixed with the BSA solution., The mixture is 

heated for 10 minutes at 60°C. This'heat treatment tends to 

precipitate some material, but heating the solution was neces-

sary to produce the free radicals. 
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Figure 5.12: The spectrum of a free radical produced in 

the reaction of ninhydrin with bovine serum albumin in 50 

percent ethanol-50 percent water with 1.25 gauss modulation 

width and 10 milliwatts of pow.er to the cavity with (a) a 

gain of 125 and (b) a gain of l80Q. 
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Figure 5.12 
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Several attempts have been inade to produce free radicals 

with the other proteins--Iysozyme and ribonuclease A, but 

these proteins and their free radicals are extremely insoluble 

in ethanol-water mixtures, and free radicals could not be 

observed. 

As mentioned earlier, ninhydx:in reac::ts with the £-arnino 

group of lysine as well as a-amino groups. Therefore the 

£-amino groups in BSA were guaninidated by the procedure 

described in Appendix II. Although guanidinating an amino 

group blocks its reaction with ninhydrin, the blocked amino 

group retains its positive charge. Theoretically, if the 

charge of the guanidinated BSA is identical to the charge of 

BSA itself, the" solubility of the molecule should not be im

paired. However the process of guanidination must alter the 

structure of bovine serum albumin enough to render it insoluble 

in ethanol-water mixtures. 
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CHAPTER VI· 

·THE STRUCTURE OF NINHYDRIN-AMINO-ACID 
FREE RADICALS: FACTORS 
AFFECTING LINE SHAPES 

A single, broad ESR spectral absorption line actually 

may be an envelope containing many narrower absorption lines; 

these broad spectral lines are, by definition, inhomogeneously 

broadened. An example of an inhomogeneous line is shown in 

Figure 6.1. In solution spectra, the narrow absorption lines, 

spin packets, may be created by: (1) magnetic field inhomo

geneities, (2) unresolved fine structure, (3) unresolved 

hyperfine structure, or (4) dipolar broadening between unlike 

spins [92 ]. In the first sections in this chapter, the ESR 

spectral absorption lines of the ninhydrin-tryptophanyl free 

radical are compared with theoreticallY·derived equations for 

') 
J 
I 

3 -.s:::. -:r 
I 

! 
a 

HH I 

, 
• . , ., 
• 
" ,. , 
, .... ·.H .,.. ·6 

H-+-

F,i9ure 6.1: An inhomogeneous spectral absorption line which 

is composed of an envelope and nine spin packets. Three of the 

spin packets.are shown. 'Hl , H
2

, etc. represent the line centers 

of the spin packets. 
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both homogeneously broadened arid inhomogeneously broadened 

absorption lines. Although the experimental ESR absorption 

lines are neither completely homogeneously broadened nor 

completely inhomogeneously broadened, the experimental 

absorption lines must contain narrow spin packet absorption 

lines. Then the line widths and relaxation times of the spin 

packet lines. are calculated. The source of the inhomogeneous 

broadening is discussed as is the relationship between the 

spin packet line width and several solvent parameters. The 

relationship between the solvent pKa and line widths may be 

explained by the formation of a hydrogen bond between the 

solvent and the free radical. 

Ninhydrin-amino-acid free radicals exhibit unusual ESR 

spectral line shapes, as shown in Figure 5.1. As discussed 

in Chapter v, the spectra of ninhydrin-amino-acid free radi-

cals have six lines from the hyperfine interaction between the 

unpaired electron and a single N14 and a single Hl nucleus. 

The six lines overlap partially because the hyperfine splitting 

constants of the Hl nuclei (0.5-3 gauss) are approximately equal 

to the line widths(IlH = 2-4 gauss); the integrated spectrum . pp 

in Figure 6.2 shows this degeneracy. The solution spectra of 

most other organic free radicals in low viscosity solVents have 

well-resolved lines with line widths as low as 50 milligauss 

[ 19, 7 ] • 
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Figure 6.2: The integrated spectrum of 

the ninhydrin-tryptophanyl free radical 

in 90 percent ethanol-10 percent water. 

The spectrum was recorded with a 0.40 

gauss modulation width and 10 mi11iwatts 

of power to the cavity. The integration 

was performed automatically by program 

Averager discussed in Chapter IV • 
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Figure 6.3: This spectrum of the 

ninhydrin-tryptophanyl free radical 

is used to illustrate the definition 

of the line width parameter6H
2

• 

In order to measure line widths, the parameter 6H
2 

is 

used; 6H
2 

is the half-width at half-height of the first peak 

of the first derivative spectrum as shown in Figure 6.3. This 

is 'an unusual parameter; it is used because the ninhydrin-

amino-acid free radical ESR spectra are partially degenerate 

and the energy levels lie close to each other. Since the 

lines partially overlap, the usual width parameters,r or 6H , pp 
would include hyperfine splitting constants from over-

lapping lines as well as line broadening from e~ch of the lines. 
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The half-width at half-height is not an ideal parameter, 

but it is less distorted than the other parameters. 

In Appendix I, the relationship between the half-width 

at half-height of a first derivative Gaussian curve is cal-

culated in terms of the standard line width parameters--the 

peak-to-peak line width ofa first-derivative spectrum, 

AH , and the half-width at half-height of the absorption pp 

curve, f. 

A. Studies of the ESR Absorption Line Shapes of Ninhydrin

Amino-Acid Free Radicals 

Spectra from ninhydrin-tryptophan free radicals, 

ninhydrin-alanyl free radicals and ninhydrin-arginyl free 

radicals have been simulated using program EPRSIM, discussed 

in Chapter IV. In all cases, first derivative Gaussian curves 

fit the experimental data more closely than first derivative 

Lorentziart curves do, as shown in Figure 6.4. It is interest-

ing that the experimental data are more closely approximated 

by Gaussian curves than Lorentzian curves because Lorentzian 

line shapes are observed more frequently than Gaussian line 

shapes in spectra of free radicals in solution. [19] In 

addition, as discussed in Chapter III, Block has developed a 

theory for the relaxation of spin systems; this theory pre-

dicts Lorentzian line shapes but not Gaussian line shapes. 

The general equation for a Lor.ntzian line is: 

y(H) = 
Ym 

(6.1 ) 

l (H - H ) 2 I + i 6H
1/

: 
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Figure 6.4: The spectrum of the ninhydrin-tryptophanyl 

free radical in 90 percent ethanol-lO percent H O. Computer 
2 

simulated spectra are shown in (a) and (b). (a) shows the 

spectrum simulated with Lorentzian curves, and (b) shows the 

spectrum simulated with Gaussian curves. Each of the computer 

simulated spectra were selected from a series of similar 

spectra; . the selected spectra most closely matched the 

experimental spectru. The Gaussian spectrum more closely 

approximates the experimental spectrum than the Lorentzian 

spectrum. 
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'4 2 
o' 

(-:-) (H - H ) y 
30 m y , (H) -.---______________ _ ., (6.2) 

The theory of ESR line shapes developed by Block predicts 

curves which may be reduced' to Eqn. 6.2 a.t powers below the 
t· 

point at which power saturation occurs. The more general 

equation is: 

(H - H ) 
,0' 

= 16 
YT2H1Ym (6.3) y' (H) 0 

3/2 
[1 (H - H )2 2T2 + !. H2 21 T ]2 3 + o Y 2 4 lY 1 2 

where 

Hl = the microwave amplitude and Hl == JPower' 

,Let S, the, saturation factor, be defined as 

1 
I (6.4) s = 

substituting Eqn. 6.4 into J::qn. 6.3: 
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y' (H} -

2 2 o' 
16(H - H) yT s Hl¥ 

o 2 m (6.5) 

Spectral lines may be broadened by many different 

mechanisms--the interaction of the unpaired electron with a 

nucleus having a quadrupole moment; the interaction .between 

paramagnetic molecules; the migration of the unpaired electron 

from molecule to molecule, etc. However, these processes 

alter only line widths and not line shapes. If a spectrum is 

originally Lorentzian, these mechanisms cannot change the 

spectrum to a Gauss~an curve. 

However, the experimental spectral lines would not 

exhibit LOrentzian curves if each spectral line is composed 

of several narrower lines. If this is the case, the lines are, 

by definition, inhomogeneously broadened. Inhomogeneous 

spectral lines may be created by (1) magnetic field inhomo

geneities, (2) unre~olved fine structure, (3) unresolved hyper

fine structure or (4) dipolar broadening between unlike spins 

[ 92 ]. In the ninhydrin-amino-acid free radical spectra, 

inhomogeneous broadening would be expected from unresolved 

hyperfine structure from the four benzenoid protons of 

ninhydrin. Orr [85] found that the nine lines of the spectrum 

of the ninhydrin-dimethylaminyl free radical are each,split 

into nine lines by the two pairs of equivalent protons in 

the benzenoid portion of ninhydrin, and the ninhydrin-sarcosinyl 

free radical has a thirteen-line spectrum; further resolution 
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of each of these thirteen lines reveals that. these lines are 

also split into nine lines by the benzenoid protons on 

ninhydrin. The splittings are shown in Table 6.1. 

Table 6.1 

Splittings of the Two Pairs of Equivalent Benzenoid 

Protons on the Ninhydrin Portion of Various Free Radicals 

[ 85 ] 

Free radical 
species 

pure-ninhydrin free 
radical 

ninhydrin-dimethylaminyl 
free 'radical 

ninhydrin-sarcosinyl free 
radical 

Splittings 
in Gauss 

0.94 and 0.74 

0.7 and 0.47 

0.75 and 0.47 

It is possible that these free radicals area·different type 

than those produced with the common a-amino acids. Similar 

splittings in ninhydrin-amino-acid free radicals have not been 

observed by this author although the ninhydrin-tryptophanyl 

free radical in 90 percent ethanol-10 percent water has been 

studied with 0.020 gauss modulation and 10 mw of power at the 

sample position. 

It is possible to determine whether the spectral lines 

are composed of several lines, and are by definition inhomo

geneous, or whether they are single, very broad homogeneous 

lines; the two types of spectral lines will behave differently 

as the microwave power to the cavity is increased to produce 

power saturation. 
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Figure 6.5: y' , the first derivative 
max 

of the ESR absorption signal, versus HI 

for the ninhydrin-tryptophanyl free radical 

in 90 percent ethanol-lO percent water. 

This information is also shown in Table 6.2. 

By comparing the power saturation data of the ninhydrin-trypto

phanyl free radical in 90 percent ethanol-10 percent H20 and 

data for a homogeneously broadened spectral line [91 ), it is 

seen that the spectral lineS of the ninhydrin-tryptophanyl 

free radical are significantly inhomogeneously broadened. 

The experimental results are shown in Table 6.2 and Figure 6.5. 

The data in columns (1), (3) and (5) of Table 6.2 are obtained 

experimentally. The calculations in columns (2) and (6) are 

self-explanatory. Eqn. Al.18 is used to calculate column (4) 
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Table 6.2 

Comparison of ·the Experimental ~H and ~H Calculated on the Assumption That the ESR Spectra 
pp pp 

d 
of Ninhydrin~Tryptophany1 Free Radicals Exhibit Homogeneous Spectral Lines 

(1) (2)H = (3) lm
2 

(4) (5) (6) ( 7) ( 8) 
Power 1 )¥a llH experimen- y' ~ arb. uni ts (!. ) 3/1 (Power (gauss) 
(mw) (mw)~a 

pp m b s 
tal (gauss) (arb. units) 1 mw s 

0.06 0.24 1.63 2.50 0.121 0.564 0.794 1.17 

, 0.7 0.84 1.45 2.22 1.31 1.56 0.256 2.48 

1.00 1.00 1. 51 2.32 1.22 1.22 0.328 2.10 

1.6 1.26 1.63 2.50 2.41 1.91 0.209 2.84 

3.3
c 

1.81 1.47 2.26 3.49 1.93 0.207 2.86 
~ 

3.3
c 

oDo 1.81 1.47 2.26 3.11 1.72 0.236 2.64 
~ 

5.35 2.31 1.43 2.19 4.97 2.15 0.186 3.07 

7.17 2.77 1.43 2.19 5.27 1.90 0.210 2.83 

9.04 ,3.01 1.37 2.10 5.78 1. 92 0.208 2.85 

10.74 3.27 1.47 2.26 6.20 1. 90 0.210 2.83 

16.8 4.05 1. 31 2.01 7.07 1. 75 0.22_9 2.67 

38.0 6.18 '1.43 2.19 8.41 1. 36 0.294 2.26 

60.0 7.75 1.39- 2.13 8.63 1.11 0.360 1. 97 

83.5 9.15 1. 51 2.32 8.24 0.901 . 0.444 1. 72 

102.5 10.5 1.51 2.32 8.89 0.847 0.472 1.65 



Table 6.2 (Continued) 

aThese values are within :!: 0.3 gauss. 

bArbitrary units are used to measure Yrn and cancel out of the final equation. 

cA source of error in an experiment of this type on organic free radicals is their decay 
during the course of the experiment. Accordingly, an effort was made to determine the 
amount of error this contributes. Chrono.logically, the first spectrmn at 3.3 milliwatts 
was the first spectrum taken and the second spectrwn at 3.3 milliwatts was the last. 
The values of y' are different by" about 11 percent which is tolerable in an experiment 
which seeks an :ssentially qualitative answer. . 

t-' 
,c.. 

N dAll spectra of the same sample of ninhydrin-tryptophanyl free radical in 90 percent 
ethanol-lO percent water, at room temperature 2l-23°C, with a modulation width of 
0.4 gauss and various powers. 
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from column (3), 

bH2 = 0.6517 bH 
pp 

(Al.18) 

The experimental data in column (4) fallon a straight line 

which has a least-mean-square fit of: 

bH = 2.26 gauss 
pp 

From Eqn. 6.5, Poole and Farach [92 ], derive Eqn. 6.7, 

(y' ) 
m/Hl 

and by definition 

lim 0' 
Ym = HI .. 0 

3/2 s 

(y'/H ) 
m . 1 

, 

(6.6) 

(6.7) 

(6.8) 

0' 
Y was obtained by graphical extrapolation of the d.ata in 

m 
column (6), yO': 0.400 [arbitrary units/(milliwatts)1/2]. m .. 

Column (7) is calculated from a modified form of Eqn. 6.6: 

1 3/2 
(-) .'11 

S 

0' 
Ym , . 

(y
m

/H
1

) 
(6.9) 

The calculation of column (8) is self-expla,natory. On cornpar-

ing the data in column (8) with the typical data for a homo-

geneous spectral line, calculated by Poole [91 ], it is 
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apparent that the experimental data is quite different from. 

that of an homogeneous line. First, for homogeneously 

broadened ESR spectral lines, s is always less than or equal 

to one; the experimental values in column (8) are all greater 

0' than one. y would have to be at least 2.15 [(arbitrary 
m 

units/(milliwatts) 1/2] for the experimentally determined SIS 

to be less than or equal to one, and from the experimental 

data, it is obviously ~possible for yO' to be this large. 
m , 

Second, in the homogeneously broadened· line, Ym/Hl and s 

decrease continuously; the experimental values of s increase 

to a maximum and then decrease. Therefore, the experimental 

data cannot represent a homogeneously broadened spectral line; 

it must be at least partially inhomogeneously broadened. 

B. The Relationship Between the Sein Packets· and the Envelope 

of an Inhomogeneous ESR Spectral Absoretion Line 

1. The Parameters of a Comeletely Inhomogeneously 

Broadened Spectral Curve 

Inhomogeneously broadened spectral· lines. are composed 

of narrow lines contained in an envelope [92 J as shown in 

Figure 6.1. Let the narrow lines from individual spin packets 

have line shapesg(w~w'), and let the envelope have the 

shape h(w' -w ). Normalizing the lines to unit area: 
o 

CD 

J g(w-w')d w' = 1 (6.10) 
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and 

co 

f 
'CII) 

, I 

h(w'~w ) d w' = 1 
o 

(6.11) 

If the observed value of the amplitude of a component line 

in the envelope is (g(w-w')] (h(w'-w )], then the i-th com
o 

ponent with its center at frequency w = wi has an amplitude 

of g(O) h(wi-wo ). The absorption line shape is: 

co 

X II (w) III: 1/2 X . J .. . 0 

o 

where: 

nw'~(~ -w')h(W' - w'O)dw' 
2 2 . 

1 +ny HlTlg(w-w') 

x = the static magnetic susceptibility. 
o 

(6.12) 

Portis [ 95 ]asswnes that spin packets are much 

narrower than the envelope as a whole. If this is true, 

-
9 (w-w') will be close to zero except where w' = 

I 

w • 
o 

In this 

region, h(W' - w ) is slowly varying and may be approximated 
o 

by a constant in Eqn. 6.12 and: 

co 

XII (w) .. 1/2 X wh( CAl - W ) 
o 0 J n 9 ( til - w') dw • 

o 
(6.13) 
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If Lorentz_ian spin packet line shapes are substituted into 

Eqn. 6.13, the absorption susceptibility becomes [21 ]: 

x" (w) = (6.14) 

Eqns. 6.15 and 6.16 define the value of the absorption 

signal at w = w for an inhomogeneous line. The experimental 
o • 

data are measured in terms of y ,the maximum in the first .. 
max 

derivative of the absorption signal. Since Eqns. 6.15 and 

6.16 are true only at w = w , and as Eqn. 6.14 cannot b~ 
o 

I 

solved easily at other frequencies, a theoretic~l Ymax cannot 

be calculated explicitly. However, the calculations have 

assumed a Gaussian envelope, and the relationship between Ymax 

and y I of a nor.malized Gaussian curve is known. From Wertz max 

and Bolton [131]: 

Ymax 

1/2 
=(In 2) .• 1 

r 
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. . ' 

and 

where: 

. 2 l/~ 
Y~ax = '(ue) . 

ln 2 
'r2 

(6.18) 

r = the half-width at half-height of the Gaussian 

absorption • 

Dividing Eqn. 6.17 by Eqn. 6.18: 

~~ax = (!.r) (2 ,~n2) )1/2 (6.19) 
max 

For homogeneous curves, r is a function ofH
l

• However, 

for inhomogeneous curves, r is essentially constant as the 

power increases until very large values of Hl are reaChed. 

Therefore, Ymax is directly proportional to y' in the . '. max 

region under study. Combining Eqns. 6.19 and 6.15, for the 

relative detector signal of an inhomogeneous absorption line: 

r (2 ln2)l/2 
e 

Z2 1/2 
( ) 

(1 + Z2) 
(6.20) 

'Eqn~ 6.20 predicts a power saturation curve that in_creases 

until Z = 1 and then begins to flatten and approach a maximum 

value; the experimental data in Figure 6.5 seem to exhibit 

this behavior. Figure 6.6 compares the experimental data 

with the curves of an inhomogeneously broadened and. a homo-

geneously broadened spectral line; the experimental data 
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is close to being completely inhomOgeneous. The next sect.j.on 

discusses the relationship bet.ween the data .and a completely 

inhomogeneous line. 

9 

8 

7 

6 

5 

Ym 
4 

3 
HOMOGENEOUS 

2 

1 

0 
0 0.5 1.0 1.5 2.0 2.5 

z 

Figure 6.6: A comparison of the power 

saturation of the experimental data 

shown in Table 6.2 with the power 

saturation of completely homogeneous 

and completely inhomogeneous absorption 

curves. 

- 148 -



2. The Paramet.ers of Power Saturation Curves Which 

~e Neither Completely Inhomogeneous Nor 

Completely Homogeneous 

The theoretical treatment of inhomogeneously broadened 

absorption lines rested on two assumptions: (1) that the 

envelope is a Gaussian curve and that the spin packets are 

Lorentzian curves and (2) that the line widths·of the spin 

packets are very small compared to the line width of the 

envelope. The first assumption is true for the power satura

tion of the ninhydrin-tryptophanyl free radical, program 

EPRSIM foUnd that the spectral envelope was a Gaussian curve. 

If the.spin packets line shapes falloff more rapidly in 

the tails than Lorentzian curves do, i.e., if the curves are 

Gaussian, the power saturation data in Table 6.2 and Figure 

6.5 should decrease after maximUm saturation is reached [921: 

this does not happen, therefore the spin packets must have 

Lorentzian line shapes. Since the first assumption is valid, 

and the spectral absorption lines are not completely in~ 

homogeneous, the second assumption must be false. 

Castner [21, 22 ] extended the Portis theory to 

include cases in which the spin-packet line widths are broad 

in comparison with the envelope line width. Castner [21) 

considered the case of a Gaussian envelope and Lotentzian 

spin packets. Using alternations in notation, suggested by 

Poole and Farach [92 1, Eqn. 6.13 becomes: 
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X" (w) 

where: 

00 

= 
1 + 

o 

(6.21) 

6w is the peak-to-peak line width of the Lorentzian 
L 

pp 

spin packet; 

AW 
G 

PI-> 
is the peak-to-peak. line width of the Gaussian 

envelope. 

Eqn. 6.21 represerits a Voigt line shape which cannot be inte-

grated in closed form [92 ]. Castner [21 ] evaluated Eqn. 

6.21 in terms of the error function: 

where 

and 

at 

4> (a, t) ::0 2 f r: 
y=O 

2 
e-Y dy 

2 2 1/2 
t = (1 + Y H T T ) 

112 

a='1.22~ (l\wL /6w G 
pp pp 
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From Eqn. 2.4, for either Lorentzian or Gaussian lines: 

Therefore, 

where: 

a = 1.225 (~Hpp I~ ) 
L PPG 

(6.24) 

(6.258) 

~H is the peak-to-peak line width of the Lorentzian 
PPL 

spin packets; 

~Hpp is the peak-to-peak line width of the Gaussian 
G 

envelope; 

and Eqn. 6.21 becomes: 

(6.2sb) 

The spectrometer absorption signal is proportional to X"H 

and is: 

.Y
max 

.= 

1/2 
X [ 2 2 J {( 1- . 4> (a (1 + X2) ) } 

1/2 exp (a X ) ~·~[1~--~~~~-------
(1 + X2). 4> (a)] 

(6.26) 
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where: 

, 

(6.27) 

Eqn. (6.2stt has been plotted for several values of a, the 

results are shown in Figure 6.7. 

For any value of a, Xmax is the value of X at which 

Ym is at its maximum value. Table 6.3 and Figure 6.8 show 

the relationship between Xmax and a. The value of Hl/2 

may be approximated by Hl at the point of intersection of a 

horizontal line tangent to the maximum of the saturation 

curve and the extension of the linear signal below the onset 

of power saturation, as shown in Figure 6.5. If the spectral 

absorption line is completely inhomogeneous, the approximation 

yields the exact value of Hl / 2 , if the spectral, absorption 

line is completely homogeneous, the approximation yields a 

value for Hl/2 that is a factor of two too small. The 

experimental value of H l / 2 ,approximate is 4.45 (milliwatts)l/2 

for the ninhydrin-tryptophanyl free radicai in 90 percent 

ethanol-10 percent water. 
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1.0 - -rl- - COMPLE.!.EJ!<IHOMOGENEOUS C~ 
/ / .L---__ 

/~----
0.01 

0.1 
HOMOGENEOUS 0.5 

CASE a=l.O 

0.1 1 . 10 100 
x = H1/H~ 

Figure 6.7: y , the spectrometer 
m . 

absorption signal, versus X= Hl/Hl/2 

for several values of a. y', the 

first derivative of y. , will have . m 

maxima at the same values Qf X as 

y does. The diagram is taken from 
m 

the work of Castner [21]. 
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Table 6.3 

X Versus a for a Series of Theoretical 
max 

Power Saturation Curvesa,c 

X 
b a max 

1.0 0.4046 

0.5 0.7464 

0.1 1.150 

0.05 1.633 

0.01 2.754 

aThisdata is read from an enlarged graph 
of Figure 6.5. 

b X is H /H at the maximum va.lue of 
max . 1 1/2 

Ym in the theoretical power saturation 
curves shown in Figure 6.9. 

c This data is also shown in Figure 6.8. 
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1.2r-----~----~~--~------~----------~ 

1.0 

0.8 

a 0.6 

0.4 

0.2 a = 0.024 

oL-____ ~==~~=~~~ 
o 1 2 

X MAX 

Figure 6.8:, The graphical representation 

of the data'in Table 6.3 is shown above. 
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In order to detenmine the value ofa for the 

ninhydrin-tryptophanyl free radical, X is found and a is max 

read directly from Figure 6.8. Since Xmax is the value of 

X at the maximum value of Ymax or y'max' X may be max 
determined directly from Table 6.4 or Figure 6.9; ~ax = 

+ + 2.36 _ 0.3. From Figure 6.8, a = 0.024 _ 0.011. 

12r---~--~----'----'---'----'----'----r----r---.----r---, 

10 

E 6 
>-

2 

o o 2 0.4 0.6 0.8 10 1.2 1.4 

X = H,IHy, 

Figure 6.9: X versus y . 
m 

are presented in Table 6.4 
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Table 6.4 

X versus y' for the Ninhydrin-Tryptophanyl Free Radical max 

in 90 Percent Ethanol - 10 Percent Water 

a b a 

HI X = y'max 

(mw)1/2 (H
1

/H1/ 2 ) (arbitrary units) 
,. 

0.24 0.0538 0~121 

0.84 0.189 1.31 

1.0 0.224 1.22 

1.26 0.283 2.41 

1.81 0.407 3.49 

1.81 0.407 3.11 

2.31 0.519 4.97 

2.77 0.622 5.27 

3.01 0.675 5.78 

3.27 0.734 6.20 

4.05 0.909 7.07 

6.18 1.39 8.41 

7.75 1.74 8.63 

9.15 2.06 8.24 

10.5 2.36 8.89 

a Data taken from Table 6.2. 

b 
Hl/2 = 4.45 .. ) 1/2 (ml.lll.watts • 
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The width of the spin packet lines is determined 

from Eqn. 6.25a. From Table 6.2, 6H. = 2.26 gauss, there
PP 

fore AH = (0.0435 : 0.0203) gauss. 
PPL 
The line widths for the Lorentzianspin packets in the 

envelope of the ninhydrin-tryptophanyl free radical are approxi

mately the same as the observed spectral line widths of the 

pure-ninhydrin free radical, shown in Table 6.5, and they 

are· approximately the saine as the spectral line widths of the 

hyperfine lines of the ninhydrin-sarcosinyl free radical and 

the ninhydrin-dimethylaminyl free radical, 0.47 gauss and 

0.19 gauss, respectively [85 ]. 

According to Poole and Farach [92], 

T I: . 2 
2 13 (6wL ) 

pp 

, (6.28) 

and from the definition of H / ' Eqn. 6.27, and Eqn. 6.28, 
12· 

T 
1 

Using Eqn. 6.27, Eqns. 6.28 and 6.29 become 

and 
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Table 6.5 

Estimated Line Widths of the Published Spectra 
a 

of Pure Ninhydrin Free Radicals 

Number of Observed Estimated 
Reference Spectral Lines (gauss) 

Adams, Blois, 
and Sands ( 1958) 
[ 3] 9 0.29 

Lagercrantz and 
Yhland (1963) 
[62] 9 0.23 

Orr (1965) 
[85] 9 0.14 

Russell and 
Young (1966) 
[106] 9 0.13 

Kharitonenkov, 
Yuferov and 
Kalmanson (1967) 
[58] 5 0.37 

Sioda and· Koski 
(1967) 
[116] 5 0.27 

a 
Spectrometer settings were not mentioned. 
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(6.31) 

Then . + . -6 
T2 = (59.4 _ 27.7) x 1.0 seconds, and since Hl/2 = 

4.45 (milliwatts)1/2 or 0.141 gauss, Tl = (34.1 ~ 15.9) 

x 10-6 seconds. 

C.The Sources of the Spin Packets of Several Ninhydrin":' 

Amino-Acid Free Radicals 

As l'(lentioned earlier in this chapter, the most probable 

source of irulomogeneous broadening is unresolved hyperfine 

structure. Many nuclei: could produce hyperfine splittings, 

for example, the protons in the amino acid side chain, the 

benzenoid protons in the ninhydrin moiety or the solvent 

protons. Orr [ 85] has observed hyperfine structure from the 

four benzenoid protons in the ninhydrin-dimethylaminyl free 

radical and in the ninhydrin-sarcosinyl free radical. Perhaps 

a similar type of hyper fine structure is present in ninhydrin-

amino-acid free radicals, but it may be masked by additional 

hyperfine interactions from the side chain protons. 

The line widths for a series of ninhydrin-amino-acid 

free radicals are shown in Table 6.6. The absorption lines 

of the free radicals get progressively broader as the number 

of the side chain protons is in.creased • Therefore, the side 

chain protons must account for some of the hyperfine inter-

actions, but these protons cannot account for all of the spin 

packets, so the benzenoid protons on the six-membered ring 

of ninhydrin must also contribute to the number of spin packets. 
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Table 6.6 

The Line Widths of a Series of Ninhydrin-Amino-Acid Free 

Radicals in 90 Percent Ethanol-lO Percent Water 

a 
6H 

Amino Acid 
pp 

Number of Side Chain 
(gauss) Protons 

Tryptophan 2.26 9 

Arginine 2.35 11 

Alanine 0.956 3 

, Lysine 1.36 11 

Blocked Lysine 1.36 13·· 

aEach measurement has an error of ! 0.25 gauss. 

D. The Solvent Effects on the Spin Packet Line Widths 

Some properties of the solvent influence the spectral 

line widths of the spin packets in the ninhydrin-trypto-

phanyl free radical, as shown in Table 6.7. In this section, 

first the experimentally determined parameter 6H
S 

is selected 

to measure line width variations, then the relationship be-

tween this parameter and the spin-lattice relaxation time, 

T l' and the spin-spin relaxation time, 'r2 , is calculated. 

Next, the method of determining correlation coefficients is 

discussed. Correlation coefficients measure statistically the 

extent of the relationship between any two parameters. The 

logarithm of the visc·osity divided by the temperature loglO (n/T) 

and the line width parameters, proportional to Tl and T2 , 

(~) are related to each other. This 
6H 

8 
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Table 6.7 

Variation of ESR Spectral Line Widths With Some Solvent Properties 

Solvent 

Methanol 

Ethanol 

t-Butanol 

.... Dimethyl-
~ sulfoxide 

Tetrahydro
furan 

Dioxane 

Ethylene 
Glycol 

Dimethyl-. 
. formamide 

i 
~H 

8 
(gauss) 10glO(~H) 8 

2.2.1 0.344 

4.~2 0.692 

4.42 0.645 

3.22 0.508 

6.23 0.801 

. 2.17 0.337 

7.74 '0.889 

2.71 0.433 

a Data From March [75 ). 

b Data from Perrin [87 J. 

c Data from Curme [29 ]. 

., 

10 (1) d 
g 10 ~H8 (niT) log (niT) 

-0.344 0.00215 -2.668 

-0.692 0.00548 -2.261 

-0.645 0.00807 -2.093 

-0.508 0.00577 -2.239 

-0.794 0.00184 -2.736 

-0.336 0.00449 -2.348 

-0.889 0.531 -1.275 

-0.433 0.00280 .;..2.553 

dData calculated in Table 6.8. 

e 
Data from Marsden and Mann [76 ]. 

f Data from Washburn [129]. 

E pKa 

(at 20°C) (relative to H
2

0) 

3l.2
e 

25.7e 

6.6
f 

h 
45 . 

7.58e ,g 

2.235e ,g 

4l.2
f 

26.6e ,g 

a 
about 16 

a 
about 18 

b 
19.8 

a 
about 33.5 

l8.08
b 

b 
18.9 

c 
14.24 

a 
about 25 

gAt 25°C. 

h 
Data from Stecker (118) 

i. 
... 0.3 gauss. 

" 
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Table 6.8 

Calculated Viscosities of Several Solvents 

'1
1 

T '1 T2 Solvent 1 :2 
'1T=23°Ca (centipoises) ( OK) (centipoises) ( OK) 

Methanol 0.690c 283 0.808c 273 Q.636 

Ethanol 1. S49c 343 1.S81c 330 1.622 

t-Butanol 1. 296 c 325.99 1.SSc 320.82 2.39 

Oimethyl- . b b 
sulfoxide 1. 39 318 1. 65 308 1.708 

'retrahydro-
O.SSb 

b 
furan 293 0.66 273 0;544 

Dioxane 1.20d 
298 1.40d 289 1.33 

Ethylene 
lS.7 f glycol ---

Dimethyl-
0.76c 

. fo rmami de 298 0.87e 288 Q.829 

arrhe viscosity of the solvent at 23°C is interpolated from two 
known values. Instead of the usual linear interpolation, 
Reid and Sherwood [96 ] recommend ,n exponential interpola
tion based on the equation n = AeB T where B and A are 
constants that may be determined from the two known points. 

b oata from Marsden and Mann [ 76] • 

cData from Washburn (129] • 

dData from Mellan and Mann ( 77 J • 

eOata from Fre~ch and Glover [ 37) • 

foata from Perry [ 88] • 
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relationship has been predicted and discussed by Bloembergen 

[ 12]; it is based on the fact that in solution, free radi

cals usually relax by interacting with randomly fluctuating 

magnetic fields in the solvent, and the faster the ~olecule 

tumbles in solution, the faster the fluctuation of the 

magnetic fields and the faster the relaxation time, and the 

higher the viscosity the more slowly the free radicals tumble 

in solution. In addition to the relationship between the 

line width parameters and the viscosity parameter, the line 

width parameters are related to the pKa of the solvent. 

In order to select a line width parameter of the 

envelope which accurately represents the line width variations 

of the spin packet alone, first consider the inhomogeneous 

spectral absorption line shown in Figure 6.1. .As the micro

wave power is increased, each of the spin ,packets becomes 

power saturated and becomes broader. However, r, the half

width at half-height of the envelope, does not become broader 

as the microwave power is increased because r is merely a 

function of the hyperfine splittings between the spin packets 

and is independent of the line widths of the spin packets. 

Further, out in the wings of the envelope, the line width of 

the envelope will be a function of the spin packet line widths 

as well as the hyperfine splittings, and the line width at 

this point will become broader as the spin packets become 

broader as they do during power saturation in a homogeneous 

line. In order to select a line width parameter that actually 

becomes broader as the spin packets become broader, several 
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line width parameters were studied as the microwave power 

increases as shown in Table 6.9. The line width parameters 

used in this study are similar to the calculated parameter of 

Appendix I, that is, the line width between the center of a 

maximum of the first derivative curve and the experimental 

value of the magnetic field where the curve is 1 of the value x 
of the maximum value of the first derivative curve; such line 

width parameters shall be designated by AH. For a Gaussian x 
envelope, the theoretical values of these line width para-

meters may be calculated, using the method of Appendix I. 

However, these specific numerical values are not necessary, 

so they will not be calculated. 

j 
i 
0» 
-~ 

4~~--~--r-~--~--~~--~~r-~--~ 

3 

I 
I~ER SATURATED I . 
I 
J 

H= 1 
Figure 6.10: The variation of line width 

parameters with microwave power for the 

ninhydrin-tryptophanyl free radical in 90 

percent ethanol-lO percent H2 0, spectra 

were taken at 0.4 gauss modulation width 

and several microwave powers. 
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Table 6.9 

The Variation in Several Line Width Parameters 

with Microwave Power 
e 

/P 1/2 
6H a,b 6H a,e AH a 6H a 6H a . 6H a .a 

2 3 . 4 5 6 8 
6H

10 
(mi11iwatts) (gauss) (gauss) (gauss) (gauss) (gauss) (gauss) (gauss) 

0.24 1.91 2.14 2.21 2.29 2.41 2.51 

.1.26 1.63 1.95 2.09 2.41 2.31 2.55 2.91 

2.31d 
.1.43 1.75 2.01 2.21 2.31 2.57 2.81 

..... 2.77 1.43 1.69 1.97. 2.09 2.21 2.41 2.71 
0\ 
0\ 3.01 1.37 1.91 1.91 2.11 2.21 2.81 2.97 
I 

3.27 1.47 1. 77 1.97 2.15 2.2~ 2.65 2.91 

4.05 1.31 1.65 1.95 1.91 2.21 2.69 2.87 

6.18 1.43 1.85 1.97 2.31 2.51 . 2.95 3.52 

7.75 1.39 1. 79· 2.11 2.41 2.61 3.22 3.62 

9.15 1.51 1.87 2.21 2.75 2.81 3.18 3.62 

10.5 1.51 1.91 2.37 2.57 2.81 3.38 3.82 

". 
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Table 6.9 (Continued) 

aT he error on these measurements is approximately ! 0.3 gauss. ' 

bThis is a straight line with f1H2 = 1.45 gauss, within the limits of experimental error. 

CThis is a straight line with f1H3 = 1.82 gauss, within the1imits of experimental error. 

dPower saturation occurs at approximately fiP = 2.13 (milliwattsl / 2). 

e See Figure 6.10 for a graphical display of the information. 

'-



In different solvent systems, there are different 

spectral line widths for the ninhydrin-tryptophanyl free 

radical. The line width parameter, flH a, .is used to measure 

the line-width variation. flH will be the sum of a constant 
8 

fUnction of the hyperfine splittings and a function of the 

line widths of the spin packets. 

(6.32) 

where: 

a
l

,a
2

, ••• are the splittings between the spin packets, 

and 

b
1

,b
2

, ... b
n 

are the contributions to the envelope 

line width from the various spin packet components. Remember 

that flH is always a mathematically definable value of flH , x pp 
n 

as shown in Appendix Ii therefore 1: (b.) is a constant, 
. 1 ~ 
~= 

and Eqn. 6.32 ~ecomes: 

where: 

and 

6H8 ::: A + flH 
PPL 

B 

A = f (al ,a2
, ••• an ) , 

and is constant, 

n 
B = 1: (b.) and also is constant. 

i+l ~ 
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Table 6.10 

The Effects of Temperature Variations of the Line Width Parameter, l1Ha' of the Ninhydrin

Tryptophanyl Free Radical in 90 Percent Ethanol - 10 Percent water 

Temperature 
°C 

62 

56 

46 

34 

21 

15 

o 

-10 

-20 

a 
n 
(centipoise) 

0.698 

0.776 

0.9'34 

1.23 

1.66 

1.92 

2.96 

3.S7 

4.79 

nIT 

0.00209 

0.00240 

0.00295 

0.00398 

0.00562 

0.00607 

0.0110 

0.0148 

0.0191 

l1H b 
8 

(gauss) 

3.00 

2.47 

2.17 

2.51 

2.31 

2.47 

2.51 

3.26 

4.22 

Log1011H
S 

0.477 

0.395 

0.337 

0.400 

0.364 

0.395 

0.400 

0.513 

0.625 

a Data interpolated from that given by Hodgman (50 ]. 

(L ) 
Lo9I011Hs 

-0.477 ( 

-0.393 

-0.336 

-0.400 

-0.364 

-0.393 

-0.40,0 

-0.513 

-0.625 

bThe error in these measurements is approximately! 0.25 gauss. 

Log
10 

(nIT) 

-2.6S 

-2.63 

-2.53 

-2.40 

-2.25 

-2.1S 

-1. 96 

-1.83 

-1.72 



l"rom Eqn. 6.33: 

(6.34) 

The nwnerical values of A and B are not necessary. 

Qualitatively from Eqn. 6.30, T2 is inversely related to 

~HpPL; therefore ~H8 is also inversely related to T2 • 

Similarly, from Eqn. 6.31, ~H8 is directly proportional to 

'fl· 

In several different solvent systems, the ninhydrin-

tryptophanyl free radical has the line width parameters, 

~H8's, shown in Table 6.7. If the temperature of the system 

is varied, the line w~dths are shown in Table 6.10. 

In order to determine, if the experimental values of 

~H8 and (niT) are related, correlation coefficients are calcu

lated, using the rank difference method [ 49]. Each pair of 

measured items, (x.,y.) where (i = 1,2 •• n), is assigned a 
~ ~ 

1)4ir of rank memLors, (u., v. ) • 
. ~ ~ 

U
i 

is 1 for the largest 

and u. is 2 for the next largest x.; v. 's are similarly 
~ ~ ~ 

assigned for xi's. P , the correlation coefficient, is 

defined as 

[1 

n 2 
61: (u.-v.) 
i-I ~ ~ 

2 
n(n -1) 

] ; -1 ~ P ~ +1. 

x. , 
~ 

(6.35) 

If there is no correlation between x. and y., p is 0; if p 
~ ~ 

is -1, x. and y. are directly proportional to each other and 
1. 1. 
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they lie on the line y - mx + b where m,the slope, is nega-

tive. If p is +1, x, and y, are directly proportional to 
1 1 

each other, and the slope of the line, m, is positive. 

Values other than these, show the degree of correlation be-

tween x and y. 

Figure 6.10 and Table 6.9 show the behavior of the 

various line wldthparameters as the microwave power is in-

creased. Notice that all of the curves can be drawn so that 

'the line width parameters decrease before power saturation is 

reached; the theory does not predict such behavior. ,The 6H
2 

and 6H3 curves may follow the general trend by increasing 

at high powers, but the variation in the data makes a straight 

line equally possible. 6H S has arbitrarily been selected 

for measuring line width changes because it may be measured 

reasonably accurately and because it increases considerably 

as the power is increased and the spin packet lines become 

broader. 

The correlation functions for various line width para-

meters and viscosity.parameters are shown in Table 6.11. 

Generally, the correlation functions indicate that there is 

some correlation between the parameters, although the cor-

relations are not large. The correlation function calculated 

for the case in which the solvents were varied is considerably 

less (0.109) than the correlation function calculated for 

the case in which the temperature varied. The difference 

may be due to solvent-free radical interactions. 
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Table 6.11 

The Correlation Between Line Width Parameters and Viscosity 

Parameters for the Ninhydrin-TryptophanylFree Radical 

Data 'in 
Table y x p COIQlllents 

6,,'1 ,log (6H S) log (niT) +0.357 Solvents varied~ 

,6.7 log (_1_) log (niT) -0.357 Solvents varied. 
6H S 

6.10 log (6H
S

) log (niT) +0.466 Temperature varied. 

~.l,O log (-..L) log (niT) -0.466 Temperature varied. 
ilHS 

The relationship between the line width parameters and the 

viscosity may be predicted theoretically. For free rauicals 

in solution, the relaxation times Tl and T2 are related to 

(niT), the solvent viscosity divided by the temperature, as 

shown in Figure 6.11 [ 19, 12 ]. Briefly, Tl is a function 

of the correlation time, which is a function of niT; T2 

is related to D, where D is the coefficient of self diffusion 

anqis inversely proportional to niT. 

Table 6.7 shows the relationship between the line 

width parameters and some solvent parameters, the dielectric 

constant and the pKa' s of the solvent .1'here is no correlation 

between the line width parameters and the dielectric constant, 

but there is a considerable correlation between the line 

widths and the pKa's of the solvents, as shown in Table 6.12. 

Notice that the sign of the correlation factor between the 
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Figure 6.11: Proton relaxation time, 

Tl and T
2

, in glycerine at tempera

tures between 60°C and 35°C. From 

N. IHoembergen, Nuclear Magnetic 

Relaxation, copyright (c) 1961, 

w. A. Benjamin, Inc., Menlo Park, 

California. [ 12 J 

pKa and log (~) is positive while the sign of the correla
AHa 

tion factor between the log (n/'l') and log (...l...) is negative. 
AHa 

The correlation between the pKa of the solvent and the 

relaxation times might be explained in several ways. This 

correlation imiJlies that the aciJ.ic group is located near the 

orbital of the unpaired electron. The ways it could be asso-

ciated are (1) electrostatically, (2) covalently, (3) through 
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a hydrogen bond. An electrostatic interaction does not occur 

because, if it did, the strength of the interaction would 

depend on the dielectric constant of the medium, b.lt there 

is no correlation between the relaxation time and the di

electric constant of the solvent. Covalent bonding between 

the ninhydrin-amino-acid free radical and the solvent would 

require a major structural alteration in the solvent, 

especially in the cases of dimethylsulforide, tetrahydrofuran, 

and dioxane. However, the behavior of the line width para

meters can be explained by the formation of a hydrogen bond 

between the free radical and the solvent. A proton covalently 

bonded to an electronegative atom, e.g., 0, N, 5, may inter

act with another, nearby electronegative atom or n-bonded 

system, e.g., C = 0, C = C [311. The nearby electronegative 

atom contributes electrons in an asymmetric orbital to the 

electron deficient hydrogen atom, and the hydrogen bond is 

formed. The molecule which initially contains the hydrogen 

atom is the hydrogen-bond donor, and the molecule containing 

the electronegative atom with the asymmetric orbital is the 

hydrogen-bond acceptor. The dissociation energy of a hydro

gen bond is 1-10 kcal/mole. The strength of a hydrogen bond 

is determined by the electronegativity of the atoms bonded 

to the proton, the geometry of the hydrogen bond, the tempera

ture and on the properties of the environment of the bond. 

The electronegativity of the hydrogen-bond acceptor increases 

as its basicity increases, and as the basicity increases so 

does the hydrogen-bond strength. Conversely, the ability of 
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the hydrogen-bond don()rto contribute the proton is propor

tional to its acidity [ 56]. Hydrogen bonds need not be 

static structures--they continually break and form again; 

the new bond may be between the same molecules or one of the 

initial molecules may be replaced. 

If a static hydrogen bond forms, it alters the ESR 

spectral line widths. If the free radical is the proton 

donor, the hypeffine splitting of the hydrogen n~cleus de

creases--the orbital of the unpaired electron encompasses 

more nuclei and generally, the amount of time spent at any 

one nucleus decreases. Also, other protons from the hydrogen

bond acceptor may split the spectral lines. Any or all of 

these hyperfine interactions may be unresolvable;' it is 

likely that most of the hyperfine splittings will be un

resolved, and the spectral lines will become narrower. 

Similarly, if the free radical is the proton acceptor, there 

will be hyper fine splittings from the hydrogen atom ~hat 

forms the bond and from the other hydrogen nuclei in the 

hydrogen-bond donor. ,Again, any or all of the hyperfine 

interactions may be spectrally unresolved; it is likely that 

most of the new hyperfine splittings will be unresolvable, 

and the ESR spectral lines will be broadened. As the hydro

gen bonds are strengthened, the hyperfine splitting constants 

will become slightly larger and the spectral lines will be 

broadened. 

If a dynamic hydrogen bond forms, one of these three 

things must occur: (1) if tne rate of breaking and reforming 
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the hydrogen bond is slow compared to the Larmor precession 

frequency, the hyperfine structure from each possible hydro-

gen bonded structure is resolvable, (2) if the rate of bond 

breaking and reforming is very fast the observed spectral 

line is an average of all the possible spectral lines, and 

(3) if the rate is intermediate, the signals will be partially 

averaged and the spectral absorption peak will be correspond-

ingly broadened [ 30). 

On the ninhydrin molecule, (;1 III 0 or C
3 

... 0 would be 

excellent hydrogen-bond acceptors, and one of the C
2 

hydroxyl 

groups, if it were present in the radical, would be a hydrogen-

bond donor. Only hydrogen bond donors would bond to 

C
I 

= 0 or c3 '= OJ and only hydrogen bond acceptors would bond 

to the hydroxyl group of the ninhydrin. Also, the C~ -H 

could accept a hydrogen bond as it does in an ~-helix. 

Either a hydrogen bond donor or a hydrogen bond acceptor will 

bond to the amino group. It is possible that the acid group 

of the amino acid is hydrogen bonded to the solvent, but it 

is not likely that the acidic'group itself is a part of the 

free radical. 

The experimental data given in Table 6.7 is taken at 

room temperature, 22-24°C, and, as a first approximation, 

none of the solvent molecules are so large that the formation 

of a hydrogen bond with the free radical would be sterically 

impossible. Since the free radical species itself is the 

same in all of the solvents, the largest variations in the 

strength of the hydrogen bond must be due to variations in 
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the ability of the solvent to form hydrogen bonds. Pure 

dioxane, dimethylsulfoxide, and dioxane are primarily 

hydrogen-bond acceptors; the other solvents may be either 

hydrogen-bond donors or acceptors. From above, if the line 

broadening increases with increasing solvent acidity, the 

solvent must be a hydrogen-bond donor; if the line broaden

ing increases with solvent basicity, the solvent must be a 

hydrogen bond acceptor. 

From Tables 6.7 and 6.12, as the pKa of the solvent 

increases, the line width decreases, therefore the line width 

increases as the solvent basicity increases; and the bond 

strength increases as the solvent basicity increases. 'l'he 

solvent must be the hydrogen bond acceptor, and the solvent 

binds either to the unsubstituted C
2 

hydroxyl group of the 

ninhydrin, the amino group of the amino acid, or the Ca_ 

hydrogen of the amino acid. 

An additional proof that the solvent is not the hydro

gen-bond donor is the spectrum of the ninhydrin-tryptophanyl 

free radical in 90 percent CH3-CH2-OH - 10 percent D
2

0. A 

hydrogen nucleus which is responsible for hyperfine splitting 

has a nuclear spin quantum number I = 1/2 and produces 

(21+1) = 2 hyperfine lines. If this hydrogen nucleus is re-

placed with a deuteriwn nucleus with a nuclear spin quantum 

number I = 1 it t>roduces (21+1) = J hyperfine lines. The 

hyperfine splitting constant, al is directly proportional to the 

nuclear g-values, as shown in Table 2.1; the hydrogen g-value 

.is 5.585 and the deuterium g-value is 0.857. If the hyperfine 
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Table 6.12 

The Correlation Between Line Width Parameters and Solvent 

Parameters for the Ninhydrin-TryptophanylFree Radical 

Data in 
Table y x p Conunents 

6.7 log (l1H ) 
8 

e: 0.094 Various solvents. 

6.7 log (...1-) 
l1H8 

e: -0.094 Various solvents. 

6.7 log (l1H ) 
.8 

pKa 
a 

Various -0.380 solvents. 

1 a 
Various solvents. 6.1 log (~) pKa +0.380 

8 

aNotice that the correlation is large in spite of the 
approximat"e pKa values used. 
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lines are not spectrally resolvable',' replacing a hydrogen 

nucleus, with a deuterium nucleus narrows the spectral lines 

by a factor of (2 x 0.857)/(5.585) == 2.93. In 90 percent 

CH 3-CH2-oO - 10 percent D
2
0, the ninhydrin-tryptophanyl 

free radical has 6H8 == 2.39 at 4 milliwatts and a modulation 

width of 0.40 gauss, 23° ~ 1°C. To compare this line width 

with the line width parameters in Table 6.10, remember that 

6H8 varies slightly as the power is increased as shown in 

Table 6.9. Obviously, the solvent does not contribute the 

hydrogen nucleus to the hydrogen bond. 

The hydrogen nucleus in the hydrogen bond iSilG'tt ,the 

C -OH hydrogen of the ninhydrin. If the ninhydrin-
2 

tryptophanyl free radical is made by mixing the amino acid 

solution with a solution of the deuteroxy-ninhydrin as 

synthesized in Appendix II, the ESR spectral lines are not 

narrowed. In order to avoid the exchange of the deuteron with 

a solvent proton, both thedeuteroxy and hydroxy free radicals 

were studied in a 90 percent'ethanol-10 percent D20 solvent 

system, the results are shown in Table 6.13. 
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Table 6.13 

A Comparison of the Spectral Line Widths of Ninhydrin-

TryptophanylFree Radicals Made With Protonated and Deuterated 
. . a N1nhydr1n 

Solvent 

90% ethanol-
10% 020 

.90% ethanol-
10% 020 

90% ethanol-
10% H

2
0 

Type of Ninhydrin 

Hydroxy -

Deu teroxy -. 

Hydroxy -

b 
AHa (gauss) 

2.99 

3.00 

2.65 

aSpectra were taken with 10 mw of power, and 
a modulation of 0.4 gauss. 

bAll of these measurements have approximately 
! 0.3 gauss error. 
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CHAPTER VIl 

CONCLUSIONS 

A. Structure of Ninhydrin-Amino-Acid Free Radicals 

Only one chemical structure for the ninhydrin-amino

acid free radical is consistent with the experimental 

evidence presented in Chapter V and VI and with the data 

of other groups, notably Yuferov !! ale (140) and 

Kharitonenkov, Yuferov and Kalmanson [58J • LVIII is that 

structure, unsolvated. 

• 
/R 

---- N-C 

I 
OH H 

LVIII 

To review, the experimental restrictions which 

structure LVIII satisfies are that the ninhydrin-amino-acid 

free radicals contain: (a) the amino acid side chain, 

(b) the amino nitrogen of the amino acid, (c) the hydrogen 
, . 

bonded to CU of the amino acid, and (d) a ninhydrin-like 

residue, which contains minimally the benzenoid ring and a 
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structure through which the amino acid may become conjugated 

to the benzenoid ring through aw-bonding system. To permit 

the range of the ratio the hydrogen hyperfine splitting to 

the nitrogen hyperfine splitting, aH/a
N

, discussed in Chapter 

V, the ~mino nitrogen must form a double bond with the 

amino .acid c(l. The ninhydrin C cannot be bonded either to . 2 

a hydrogen or a hydroxyl group. If either of these groups 

were present, hyperfine splittings would be observed. This 

last restiiction eliminates structures like LVIX and LX. 

Notice that the three restrictions (a) that the un-

paired electron is at the nitrogen nucleus, (b) that the 

nitrogen nucleus is double bonded to C(l , and (c) that 

the nitrogen nucleus is bonded to ninhydrin limit the free 

radical to one ninhydrin moiety per free radical. 

From the evidence presented in Chapter VI, the 

ninhydrin-amino-acid free radical C(l -H forms a hydrogen 

bond with the solvent. The free radical is the hydrogen-

bond donor, the solvent the hydrogen-bond acceptor. 

Radical LVIII is rather unusual in that the outer 
. 4 

shell of the nitrogen contains three covalent bonds as well 

as the'orbital of the unpaired electron. Usually, the 

outer shell of the nitrogen of a free radical contains one 

pair of electrons, two chemical bonds and the orbital of the 

unpaired electron. Some other free radicals have structures 

similar to LVIII; in all of these radicals, the bonds to the 

nitrogen may be conjugated with a larger aromatic or w-bond 

system, examples include a free radical structure of LXI, 
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LXII, LXIII, LXIV, and LXV. All of these free radicals 

are discussed by Forrester, Hay and Thomson [36]. 

In summary, the evidence presented indicates that 

ninhydrin-amino-acid free radicals have structure LVIII, 

where R represents the amino 

• 
N-C , 

OH H 

LVIII 

acid side chain. These free radicals are formed by the 

mixing of ninhydrin and the amino acid in an organic sQlvent, 

preferably 90 percent ethanol-lO percent water. To improve 

the yields of free radicals, NaCl, ascorbic acid and 

NaHco
3 

may be added to the reaction mixture. 

B. A Mechanism for the Reaction Between Ninhydrin and 

Amino Acids 

Radical LVIII could be formed as an intermediate in 

the well-known reaction of ninhydrin with amino acids or 

the radical could be merely a product of a side reaction. 

Until more information is obtained, it is impossible to 

identify the precise reaction sequence producing the free 
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radical. Figure 7.1 shows a possible reaction scheme. 

Notice that the steps LXVI + LXVIII, XXXX + XXVII and 

XXXX + XVI are very similar to those proposed by MCCaldin 

[68], where O-solvent represents the oxygen attached to the 

solvent molecule. 

Yuferov [139] suggests that the formation of the sol

vated amino acid, LXV, increases the rate of formation and 

the yield of the free radical. Yuferov proposes neither a 

free radical structure nor a reaction' sequence; however he 

suggests that the solvation of the amino acids is probably 

an important step in the reaction sequence. Friedman (38) 

finds that amino acids may be hydrogen bonded to the solvents 

molecules., If the amino group is the hydrogen bond donor, 

the nitrogen nucleus will become more electronegative and 

step LXVI + LXVIII will be facilitated because this step is 

essentially a nucleophilic displacement reaction, and the 

more electronegative the nucleophilic nucleus is, the more 

easily it can attack the C2 of ninhydrin which has a slight 

positive charge. 

The production of the free radicai, step LXVIII + LVIII 

is similar to step I + XXXXV proposed by McCaldin [68] and 

shown in Figure 3.13. However, instead of proposing a free 

radical intermediate, MCCaldin proposes a quaternary imine, 

or Schiff's base structure, XXXXV. 

The generally accepted mechanism for the hydrolysis 

of Schiff bases is the addition of a water molecule across 

the double bond to form an amino-alcohol, similar to LXX. 

- 187 -



... COOH 

I I 
:N-C-R. 

I I 
H H 

O-SOlV. 

, . 

.... - ··'T· .. __ .... --

00 

- W' w~ 'Ii .NH I 
" .# .# 

XXXiYlI1 O' I + 0 
-HO -H 
oz' 0 -.. =¢o . ~ . .~ 

fj».' /. N I \, # ,j .0 
e . 

o o o 0 

Figure 7.1: A possible mechanism for the r.eaction of 

ninhydrin and amino acids. 
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[27, 28, 136, 55, 4, 26, 28, 95]. Step LVIII + LXX can 

only occur ,in the presence of water. Even if water is not 

present in the solvent initially, two molecules of it are 

formed in steps LXVI -- LXVIII and LVII + LVIII. It 

would be very difficult to stabilize the free radicals by 

removing all of the newly-formed water because almost any 

method of removing the water from the solvent would be 

harsh enough to remove the water of hydration from ninhydrin 

itself and would leaveindantrione, II. (The equilibrium 

constant for the dehydration of ninhydrin is 0.345 x 10-3 

[ 59] ) • 

Intermediate LXIX is similar to an intermediate pro-

posed by Reeves [95] for the hydrolysis of p-trimethylammonium-

benzylidene-p'-hydroxyaniline chloride. LXXI is the inter

mediate proposed by Reeves, 

eH·" "'N 
. . . OH 

. 
H_O. + H···· .. A -21 ., 

Lxxi· 
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where A is an acid. By studying the kinetics of the 

reaction, Reeves concludes that this hydrolytic reaction 

exhibits general acid catalysis--that is some component of 

the solvent system is accelerating the reaction. As a 

result, Reeves proposes that some acid (A) in the solvent 

is part of the intermediate complex. Cordes and Jencks 

[27, 28] also suggest that structures similar to LXIX may 

be formed during the formation of semicarbazones and during 

the formation of a Schiff's base from an aldehyde and an 

amine. LXXII is the proposed intermediate. 

H 
. C+) .. .. .1 I (L') ,.. ...,.. .. __ T; 

S···· ··H· .. ··· O ....... C·····N--... 

I I 
H 

LXx(1 

In this case the basic group (B) donates the Ht to the 

aldehyde group. 

In the absence of water, structure LXIX cannot be 

formed. However, any of the other solvents used in the 

formation of ninhydrin-amino-acid free radicals may be 

Q 
attached at C. It is not clear at exactly what stage the 

solvent molecule is attracted to the CQ from the ESR evi-

dence; it is likely that the solvent is closely associated 

with the free radical itself. 
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I~ s~ary, the reaction shown in Figure 7.1 repre

sents the most likely path for the formation of ninhydrin

amino-acid free radicals. 

c. Possible Uses for Ninhydrin-Amino-Acid Free Radicals 

With any new method, problems arise which must be 

overcome if the method is to prove its usefulness in the 

wide variety of roles envisioned for it. Currently the 

ninhydrin-protein free radical is a somewhat limited struc

tural probe for the labeled protein. 

First, signals from the uninteresting a- and £-amino 

groups must be eliminated, then the motion of the ninhydrin 

probe may be estimated. If the probe is attached to an 

&-amino group, the spectrum will probably indicate that it ( 

is completely mobile, but this fact might indicate only that 

the £-amino group is free to rotate, not that the peptide 

chain in that region is free to alter its position.Un

fortunately the spectra of these free radicals remain approxi

mately constant in various solvents, i.e., in materials with 

various dielectric constants. 

The formation of ninhydrin-amino-acid free radicals 

could be useful in the identification and characterization of 

a protein. Qualitatively and quantitatively the formation 

of free radicals can be used to indicate the presence of 

protein in a sample. Another problem of protein characteriza

tion which this techique could solve is the determination of 

the types and relative numbers of peptides which are inter

twined to form the biologically active protein. If the 
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protein ,is dissociated, the £-amino groups are blocked, 

and the solution is treated with ninhydrin, the resulting 

ESR spectrwn will be the sum of the spectra of the various 

peptides in solution, in the appropriate proportions. Such 

sWnmed spectra could be analyzed relatively easily, especially 

if the individualpeptides can 'be separated before the 

ninhydrin is added; in this way both the summed spectrum 

and the component spectra may be compared, and the ratios 

of the components may be determined easily. Usinga 

similar technique, the purity of a protein sample may be 

tested. If the ESR spectrum remains constant through several 

purification steps and if the spectrum may be interpreted 

as the sum of the spectra of several ninhydrin-peptidyl 

free radicals, then it is pure. 

In addition, the ninhydrin-peptidyl free radical 

could be developed into a tool for determining the N-terminal 

amino acid residue and the following two amino acid residues 

in the peptide. If this identification of the N-terminal 

residues were followed by sequential degradation of the 

protein, perhaps an enzymatic degradation with cathepsin or 

leucine-amino peptidase, the protein could be sequenced. 

If the protein were completely digested before the free 

radicals were formed, it would be possible, at least 

theoretically, to determine the total amounts of the various 

amino acids present. 
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APPENDIX I 

CALCULATION OF A LINE WIDTH PARAMETER 

The parameter, llH
2

, the half-width at half-heigtt:. of a 

first derivative curve, has been used to measure line widths, 

as discussed in ChapterVL. For an undistorted line, the 

half-width at half-height may be calculated as a function 

of the more common peak-to-peak line width, llHpp • The spec

tral lines of the ninhydrin-amino-acid free radical are 

closely approximated by Gaussian curves. Wertz and Bolton 

l13U list the equations for Gaussian curves; the first 

derivative is: 

/ 

2 
_ (2(ln2)(H - H») [<-In 2)(H - Hr) } 

y' = Y max r2 r exp ----r"""2----- , (Al.l) 

where: 

Wertz 

Y = maximum amplitude of the undifferentiated 
max 

Gaussian curve. 

y' = the value of the first derivative curve at H. 

Hr = the value of H at Ymax • 

r = the half-width at half-height of the undiffer-

entiated Gaussian curve. 

For convenience, set H = 0, then, 
r 

and Bolton (131) list these additional equations: 

')' = 2'{' ~) l/~ In2 loy max • 
1Te r2 

- 201 -

(Al. 2) 

(AI. 3) 



where: 

2 ' y max = the peak-to-peak amplitude of the first 

If one defines, 

and 

then from Eqns. 

y' = max 
(L)1~2 

and, 

y'max 
2 

ne 

from Eqns. 

derivative Gaussian curve, and 

~H pp 
2 1/2 

= (-_.) '. r 
In 2 

H = the value of H where y' = y' M max 

y'max 
H2 = the value of H where y' = 

2 

Al.2 and Al.3, 

In 2 2(ln 2)HM (-In 2) H = -y exp 
7 max 

r2 r2 

Al.2 and AI. 3, 

2 
M 

2(ln 2)H2 (-In 2)H
2
2 

= -y exp 
max r2 r 2 

(AI. 4) 

(AI. 5) 

. (AI. 6) 

It is difficult to evaluate liM - lI 2 analytically; 

accordingly, Newton's method of numerical approximation will 

be used. Dividing Eqn. Al.6 by Eqn. Al.5, 

2 

H exp -In 2 
H2 

1 -
2" 

;:: ~ r2 
HM 

exp -In 2 H2 
....b1 

(AI. 7) 

Let: 
r2 

x '"' H 
r 

(Al. 8) 

'l'hen Eqn. Al.7 may be written as, 

exp [-In 2 
2 

1 III x 2 
X

2
] 

2" X- [-In 2 X;l M exp 
(Al.9 ) 
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• 

H 
r 

6H 
= 0 and ---EE. --2 -

H 
M 

Then from Eqns. Al.4 and Al.8: 

calculating: 

2 
exp [-In 2x

M
] = -0.2575698559, 

if x = x
2

' from Eqns. AI.~ and AI.1I, define 

2 f(x) = x exp [(-In 2) (x )] - aM 

and therefore, 

f'(x) = [1 - 2x2 In 2J exp [(-In 2)x
2

] 

(Al.1Q) 

(Al.II) 

(Al.12) 

(AI.13) 

The formula for Newton's method of numerical approximations 

(123] is: 

= x 
n If (x ) 

+ n 
f'(xn+l ) 

} . (Al.l4) 

xn+l is calculated and used as xn for a second calculation. 

This procedure is .reiterated until successive xn+l's are 

equal. This has been done and: 

x
2 

= -1.63208 

then the numerical value of xM defined by Eqn. Al.7 is: 

HB = -0.84932 = 
r 
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and subtracting Eqns. Al.15 and Al'.16, 

m 2 :: H 2 - HM = O. 78275 r 
and from Eqn. Al.4, 

6M2 ~ H - H = 0.65166 6H 
2 M pp 

where 

(Al.17) 

(Al.lS) 

6H - H - H and is the half-width at half-
22M 

height of the first derivative curve. 

Note that llHpp and r are independent of Ymaxand that 

the curves do not have to be normalized before they are 

compared. 

- 204 -

.. 

'e .. 



.. . . 

APPENDIX II 

CHEMICAL SYN'l'lIESES 

Ninhydrin was converted to indantrione by the method 

of Schonberg and Moubacher [109]. Ninhydrin was heated .to 

190 ! 20°C under a vacuum for 45 minutes. A liquid formed 

and was drawn off by the vacuum. This reaction occurred: 

When molten; the product is blue-green. It is purplish when 

cooled, and has a melting range of 246-255°C. 

According to Sch~nberg and Moubacher [109] this product 

may be rehydrated-with water. Instead of using H2 0 in this 

process, D
2
0was used, producing: 

00 

00 
LXXIII 

o 
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Ninhydrin reacts with both a-amino and E-amino groups. 

In order to eliminate the signals from the E-amino groups, 

these amino groups were guanidinated by the method of Hughes, 

Saroff, and Carney [54 ]. Bovine serum albumin, BSA, was 

guanidinated as suggested; the same method was modified for 

the guanidination of lysine. The following molecule was 

produced: 

LXXIV 

O-methyl-isourea was produced by the addition of 19 ml 

of 5N Ba(OH)2 

acid .ulfate, 

at about OoC. 

at about 100°C to 8.664 gm of O-methyl-isourea 

+ = 
[CH3-O-C(NH2)2]2S04 ' in 25 ml of distilled water 

The white precipitate, BaS04 , was centrifuged 

down and discarded, leaving a supernatant, which, on a 1 to 5 

dilution, had pH 10.12. 

For guanidinated lysine 19mof lysine was added to 

25 ml of the O-methyl-isourea solution and left for three days 

at 6°C. The solution was then diluted at 125 ml with distilled 

water. lN acetic acid was added to the solution until pH 3 

was attained. No visible precipitate was formed and this 
'" 

solution was lyopholized. For guanidinated BSA, 2.496 gm 

of commercial BSA was added to 12.5 ml of O-methyl-isourea 
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solution and was stored at 6°C. At the end of three days, 

the solution was diluted to 62.5 ml with distilled water. 

O.02N acetate buffer at pH 4.1 was added to the BSA solution 

until a cloudy, white precipitate started to form. The solu

tion was permitted to crystallize for three days at 6°C and 

then the solution was centrifuged. A second crop of crystals 

was grown by acidifying the supernatant still farther. All 

the crystals were lyophilized. 
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a, a 

b 

b o 
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D 

DMSO 

DPPH 

ESR 
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G 

g (w) 

g 

11 
m 

~ 

H 
o 

Hz 

i 

APPENDIX III 

TABLE OF SYMBOLS 

Automatic frequency control 

Hyperfine splitting constant or the ratio of 
the line width of the spin packet to the line 
width of the envelope times 1.225 

One half of the distance between the extreme 
lines of an ESR spectrum of a frozen free 
radical 

Anisotropic hyperfine splitting tensor 

The anisotropic hyperfine splitting tensor of 
a nucleus at which the unpaired electron is 
completely in an-orbital. 

Speed of light = 2.9979 x 1010 em/sec 

Coefficient of self-diffusion 

Dimethylformamide 

Dimethylsulfoxide 

a,a' --diphenyl-B-picryl hydrazyl 

Electron spin resonance 

The charge on an electron -10 =4.803 x 10 e.s.u. 

Gauss 

ESR line shape 

A tensor whose elements are determined by the 
electron environment. For many unpaired elec
trons in molecules, g may be treated as a 
constant. For a free electron, g = 2.0023. 

Nuclear g-value, some values are given in 
Table 2.1 

Amplitude of the magnetic field modulation 

Stationary magnetic field 

Hertz - 1 cycle per second 

The amplitude of the microwaves incident upon 
the sample 
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'i, 

..... 

H 
1/2 

If 

~B 
x 

h 

11 

I 

M 

m 

N1'1R 

p 

Q 

S 

s z 

s 

TEMPQNE 

T 

'1'HF 

'1' 
1 

T 2 

t 

~t 

X 

2 2 
The value of Hl at which y H1T1T2 = 1 

A Hamiltonian 

Peak-to-peak line width of a first-derivative 
ESR spectral absorption line 

Half-width at half-height of th.e first deriva
tive ESR spectral absorption line 

The line width between the center of the first 
peak of the first derivative curve and the 
point at which the spectral absorption is 1 
of the maximum value x 

Planck's constant = 6.625 x 10-27 erg-sec 

Planck's constant divided by2u = 1.0544 x 10-27 

erg-sec 

Nuclear spin quantum number 

Mass of the proton 

Electron mass = 9.108 x 10-28 gm 

Nuclear magnetic resonance 

Power 

Quality factor 

The spin quantum number of an electron 

The projection of the spin quantum number, S, 
along the z-axis 

Saturation factor 

2,2,6,6-tetramethylpiperidone-l-N-oxyl 

Temperature 

Tetrahydrofuran 

Spin-lattice relaxation time 

Spin-spin relaxation time 

A saturation factor defined in Eqn. 6.23 

Lifetime of a spin state 

Hl normalized 

- 209 -



x 
max 

Y, Y 

Y' y' m' m 

z 

SN 

r 

r 

y. 

£ 

n 

A 

~e 

v 

'IT 

P N 
'IT 

t 
C 

X 

Xo 

!JI(O) 
2 

Hl/ 
The value of X =( H

l
/

2
) at which Ym is 

maximized at a constant value of a 

ESR line shape 

The maximum spectral absorption of a first 
derivative curve 

The maximum spectral absorption of the first 
derivative curve as lim HI + 0 

A saturation factor, defined in Eqn. 6.23 

Bohr magneton = eh/2mc 
erg/gauss 

-20 = 0.92731 x 10 

Nucl~ar magneton = eh/2Mc = 0.5050 x 10-23 

erg/gauss 

Half-width at half-height of a spectral absorp
tion line, or 

Half-width at half-height of the undifferen
tiated curve 

Gyromagnetic ratio 

Dielectric constant 

Viscosity 

Wave length 

Electron magnetic moment, defined by Eqn. 2.1 

Frequency 

3.14159 

'IT-electron density at a nitrogen nucleus 

Correlation time 

The bulk magnetic susceptibility 

Static magnetic susceptibility 

Amplitude of the wave function of the unpaired 
electron at a nucleus with a nonzero spin 
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'I 

~ 
~ 

• 

• ,"' 

W 

WI 

W 
0 

I:J.w 
Gpp 

I:J.w
L pp 

Angular frequency =L 
2lT 

Center of the ESR absorption in a spin packet 

Center of the ESR absorption line 

Peak-to-peak line width of a Gaussian envelope 

Peak-to-peak line width of a Lorentzian spin 
packet 
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United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 



· "" ~ 

TECHNICAL INFORMA TION DIVISION 
LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 94720 

" 




