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In order to explore the N-H stretching region of ali-

phatic amines, we performed a study of the Raman spectrum 

of n-propylamine at various concentrations in cyclohexane. 

Statistical analysis provided evidence of a second symmetric 

stretching vibration, which we were able to assign to non-

hydrogen bonded NH2 groups. To obtain additional evidence 

on the existence of monomers in n-propylamine and to fur-

ther study hydrogen bonding and Fermi resonance in aliphatic 

amines, we extended the investigation to the analysis of 

the Raman spectrum of this compound over an extended range 

of temperature in the neat liquid phase. This study corro-

borated our finding that the peak previously assigned to 

the symmetric stretching mode of hydrogen bonded amines is 

actually composed of two bands. Furthermore, trends in 

both the resolved band parameters and the Fermi resonance 

analysis were tabulated, allowing one to monitor the change 

in the N-H valence region with concentration and tempera-

ture . 

Theoretical advances over the past several years have 

allowed us to initiate a comparative study of the 



vibrational relaxation and molecular reorientation times 

obtained from the three skeletal A-̂  modes stretch, 

v7-CCl stretch, and Vg-CC3 bend) of t-butyl chloride at 

various temperatures in the liquid phase. We further 

studied the temperature dependence of the vibrational and 

rotational relaxation of several modes in the following 

Group IVA trimethylmetal chlorides: trimethylchlorosilane, 

trimethylchlorogermane, and trimethylchlorostannane. The 

results indicate that isotropic second moments and vibra-

tional relaxation times for a given mode remain approxi-

mately constant through the series. This transferability 

of relaxation parameters between molecules extended to 

modulation times calculated from the Kubo formalism. These 

findings provide evidence that the mechanism of vibrational 

relaxation is the same for equivalent modes in systems of 

similar molecular structure. 
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CHAPTER I 

FERMI RESONANCE AND HYDROGEN BONDING IN n-PROPYLAMINE 

The characteristic vibrations of the C"NH2 group of 

primary aliphatic amines are as follows (1): (a) an anti-

symmetric NH2 stretch, (b) a symmetric NH2 stretch, (c) an 

NH2 symmetric deformation (scissors), (d) a carbon-nitrogen 

stretch, (e) an NH2 wag, and (f) an NH2 twist. The nitrogen-

hydrogen stretches are quite prominent in the Raman spectra of 

this family. The strongest NH2 stretching band in the Raman 

is due to the symmetric (in-phase) stretch and is located 

around 3250-3450 cm-1 in the vapor state or in dilute solution. 

In the pure liquid state, this vibration is shifted through 

hydrogen bonding down to 3250-3330 cm The less intense 

band from the anti-symmetric (out-of-phase) NH2 stretch is 

found around 3300-3500 cm-1 in the unassociated state and 

around 3330-3400 cm-1 in the liquid or other associated states. 

The symmetric NH2 deformation that occurs in the region 1590-

1650 cm-1 leads to a strong band in the IR. However, in the 

laser Raman spectra it occurs as a weak to very weak broad 

band. This absorption escaped detection in the early Raman 

work on amines using the mercury arc source since its fre-

quency was in close proximity to a strong mercury line (2). 

The position of the C-N stretching vibration is affected 

by the degree of branching on the a-carbon atom. Those amines 



with a primary carbon atom (RCH2-NH2) have the C-N stretch 

at 1060-1090 cm-1 in the Raman. The carbon-carbon stretches 

from the rest of the molecule also occur in this region and 

v (CN) can often be obscured. Those amines with a secondary 

a-carbon atom (R2CH-NH2) contain Raman bands at 10 35-1045 cm
 1 

and at 10 80-1140 cm-1. However, the strongest band occurs 

from the symmetric skeletal stretch of the C^N moiety around 

800 cm-"*". Primary amines with tertiary alpha carbon atoms 

(RgC-NH2) possess Raman bands in the 1020-1040 cm "*" and 

1170-1240 cm""'" regions, but the most intense band arises 

from the symmetric stretch of the C^N skeleton which is found 

at about 745 cm"^. These skeletal stretches for the secondary 

and tertiary a-carbon substituted amines are quite intense 

in the Raman and easily identifiable. 

The two remaining vibrations of the C-NH2 group, the 

NH2 twist and wag, do not lead to correlatable frequencies 

in the Raman. In the liquid primary aliphatic amines, the 

NH2 wag in the IR gives rise to a broad band of strong in-

tensity in the range 75 0-850 cm""''. However, in the Raman 

spectrum of methylamine it occurs as a weak broad band at 

875 cm "*". In the higher primary amines it is obscured by 

methylene twisting and rocking vibrations which are stronger 

in intensity and occur in the same region. The position of 

the NH2 twisting mode has long been a subject of contro-

versy (3) . Durig et al.. (4) have assigned this vibration 

in methylamine to a band at 1353 cm-1 which they observed 

only in the IR of the solid. 



The primary amines are interesting in that they possess 

the potential to form either 1:1 or 1:2 complexes via their 

amino group function. This topic has been the subject of 

numerous spectroscopic investigations (5-13). In addition 

to the expected symmetric and anti-symmetric stretches, a 

Fermi resonance interaction has been observed between the 

former stretch and the first overtone of the deformation 

mode. This non-fundamental peak has also been observed in 

the precursor molecule of the amine family, ammonia (14-16). 

Wolff and co-workers (5,9,12,17) have performed extensive IR 

studies on the hydrogen bonding properties of these molecules. 

They concluded that, at least for the aliphatic amines, inter-

molecular hydrogen bonds are of the 1:1 type, not the 1:2 

type. This is illustrated in Figure 1. An associated mole-

cule contains one bonded amino group proton while the second 

amino group proton remains "free" in solution. One experiment 

in particular was noteworthy (7). In this case various amines 

were studied as a function of concentration in an inert sol-

vent. Evidence of two distinct NH2 symmetric stretching 

vibrations was presented. As expected, the monomeric (i.e. 

non-hydrogen bonded) peak predominated at higher dilutions. 

The spectra of the neat liquid, on the other hand, revealed 

only a single mode, presumably arising from the hydrogen 

bonded species. However, a different study on aniline, the 

simplest aromatic amine, was reported (17). Here, evidence 

was offered to support the occurrence of monomers in the neat 
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Fig. 1—(A) 1:1 type hydrogen bonded complex 
(B) 1:2 type hydrogen bonded complex 



liquid. This directly contradicts the findings of the 

aforementioned investigation. 

In order to explore this discrepancy a Raman study of 

the NH2 stretching region of a representative aliphatic amine, 

n-propylamine, was initiated. Spectra of this compound were 

taken both as a function of concentration in an inert sol-

vent, cyclohexane, and as a function of temperature in the 

neat liquid. Regression analysis was performed in an attempt 

to identify the various species at large and to quantify 

their relative amounts. The behavior of these species with 

changing conditions substantiated their assignments. Once 

the experimental envelope was characterized, it became pos-

sible to explore the presence of Fermi resonance in these 

systems. The appropriate bands were analysed with the 

standard Fermi resonance perturbation treatment (18,19). 

This yielded unperturbed peak frequencies and intensities 

and the interactive matrix element. Their trends were cor-

related with concentration and temperature and served to 

establish and quantitatively described the Fermi interaction. 

Experimental 

n-propylamine (NPA) and cyclohexane (CH) were obtained 

commercially and distilled under nitrogen; NPA distilled at 

48°C and CH at 81°C. Solutions of 20%, 40%, 60%, and 80% 

NPA in CH were prepared gravimetrically. All samples were 

contained in sealed capillary tubes which served as sample 



holders. The temperature runs were taken on neat samples 

only. The temperature itself was varied by placing the 

sample into a Harney-Miller cell and subsequently directing 

liquid nitrogen boil-off or heated air around it. The temper-

ature was measured via an iron-constantan thermocouple having 

a reference junction at 0°C. The readings were believed to 

be accurate to within + 2°C. 

The excitation source of the spectrometer was the 4880 A 

line of a Coherent Radiation CR-3 argon ion laser. The Raman 

scattered light was collected at 90° to the incident radia-

tion and analyzed using a Spex 1401 double monochromator 

followed by an RCA C31034 photomultiplier tube. 

The temperature runs were recorded on a Linear Instru-

ments 9011 strip-chart recorder. In order to handle the 

data efficiently, the spectra were hand-digitized at 5 cm ^ 

increments and the corresponding intensities hand-punched 

onto IBM cards. This allowed the analysis to be carried out 

on the University's NAS-5000 computer. Hand-digitization of 

the solution spectra was obviated as the data was collected 

digitally via the interface of the spectrometer with an 

Apple II-Plus microcomputer. Their intensities were hand-

punched onto IBM cards as well, enabling an identical analysis 

to be carried out. 

Initially both polarized and depolarized spectra of the 

NH2 stretching region (ca. 3100-3500 cm"""
1) were recorded in 

order to calculate the isotropic spectrum: 



I. (to) = 1 , (to) - 4/3 I, (to) iso pol ' dep ' 

This avoids the problem of reorientational linebroadening 

found in both infrared and non-polarized Raman spectra. 

However, it was observed that the depolarization ratios, 

with the exception of the anti-symmetric stretching mode, 

were quite low (i.e. p < 0.1). This being the case, only 

the polarized spectra were utilized. The error introduced 

by this assumption was negligible. None of the trends nor 

conclusions could have been affected. The advantages of 

proceeding this way include: (a) a more efficient use of 

time, (b) no chance for distortion of the experimental en-

velope due to an erroneous subtraction of the depolarized 

peaks, and (c) an enhancement of the polarized peak inten-

sities by eliminating the need to scramble the scattered 

beam before collection. This procedure is necessary when 

combining polarized and depolarized spectra since it eliminates 

the bias built into the monochromator gratings. Removal of 

the scrambler increases the intensity by a factor of 1% to 2. 

Raman spectra of the symmetric bending region were 

also measured at the various temperatures. The deformation 

mode was found to be quite broad (i.e. FWHM > 100 cm-1) and 

weak. The peak center remained constant, to within experi-

mental error, at approximately 16 30 cm-3". 

After obtaining the experimental envelope of the NH^ 

stretching region, various models were chosen in an attempt 
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to reproduce it. The models consisted of differing numbers 

of Gaussian/Lorentzian combination bands. A Gaussian band 

is given as: 

Igauss (a)) = A e x p (_ln 2 ' " ^0)/A]
2) 

whereas a Lorentzian band is: 

Ilor (u)) = A (1 + [(to - a)o)/&]
2)-1 

The three spectral parameters are as follows: 

= position of peak center 

A = maximum peak height 

A = half-width of peak at half-maximum height 

Since bands are almost never purely Gaussian nor Lorentzian, 

a combination band is obtained by introducing a fourth 

parameter, flor/
 t h e fraction of Lorentzian character of the 

peak iteself. Its value can be in the range of 0 <_ f̂_ < 1. 

A combination band is then: 

Ipeak M flor * Ilor M + (1 " flor) ' Igauss (u) 

The entire experimental envelope can be represented by a 

series of combination bands as follows: 

1 total ~ S Ij 

The models were varied by changing the number of peaks 

included in the summation. 
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In principle the fraction Lorentzian may differ for 

each distinct peak in the series. In our treatment, though, 

a common fraction was employed for all peaks so that a 

tractable number of variable parameters could be maintained. 

The models were fit to the experimental curve by non-linear 

least squares techniques. The fits between the theoretical 

and experimental envelopes were assessed by the minimization 

of their root-mean-squared error and substantiated by the 

behavior of the individual parameters with temperature and 

concentration. 

The calculated spectra were convoluted with a triangular 

slit function [slit width = 10 cm (FWHM) ] to account for 

instrumental contributions to the calculated linewidths. 

Figure 2(a) illustrates this procedure. In this scheme I„ 

represents experimental intensities and I T represents theo-

retical intensities. (N) represents the natural lineshape 

(i.e. undistorted or physically meaningful) while (D) repre-

sents the lineshape which has been distorted by the instru-

ment. As such, before any meaningful information can be 

extracted from •Igtfi), we must treat this to remove the effect 

of the mechanical (i.e. instrumental) slitwidth. The pro-

cedure to do this is known as deconvolution. 

In order for a curve-fit to be meaningful one must com-

pare either a theoretical convoluted spectrum with its experi-

mental convoluted counterpart or else a theoretical decon-

voluted spectrum with its experimental deconvoluted 



10 

IE ( D ) 
Con. 

Decon. 

A 
Compare 

V 
IT(D) 

Con. 

Decon. 

I E(N) 

A 
Compare 

V 

IT(N) (A) 

Ifil ((!)') = Js (O>—to ') I Q r (OJ ')dw 

F.T. 

V 

F.T. 

V 
F.T. 

V 
Gfil(T) = Gs(T) • Gor(T) (B) 

Gor(T) 
Gfii(T) 

G S ( T ) 

Inverse 
F.T. ̂  I (w ' ) or 

Fig. 2—(A) Incorporation of convolution into curve 
fitting procedures 

(B) Numerical deconvolution of an experimental 
band 



11 

counterpart. The experimental data is, of course, distorted 

and represented in Figure 2(a) as IgtD). The theoretical 

data, derived from the model curves and parameters is natural, 

being represented in the figure as IT(N). In order to make 

a valid comparison, one has two choices. He can convolute 

It(N) to become IT(D) to compare IT(D) to 1(D). Alterna-

tively, he can deconvolute IE(D) to become IE(N) and then 

compare Î ,(N) to I^ON). Computationally, it is easier to 

convolute than deconvolute. The process of convoluting in-

volves taking an integral. This can be done analytically 

without difficulty, for example, via Simpson's rule. Decon-

voluting, on the other hand, is a much more arduous mathe-

matical task. Moreover, the process of deconvolution always 

introduces noise whereas convolution does not. 

An important theorem concerning the convolution opera-

tion states that the convolution of two functions is equivalent 

to multiplication of their Fourier transforms. This can be 

represented as: 

a(x) * b(x) = c (x) 
A 

F.T. Inverse F.T. F.T. 
I 

a(f) X b(f) = c (f) 

The top equation represents the earlier equation, with the 

star (*) indicating convolution. The bottom equation repre-

sents the convolution operation in the Fourier domain where 

it becomes a simple multiplication of the Fourier transforms 

of the signal and filter function. Inverse Fourier 
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transforming that product will yield the filtered signal. 

Figure 2(b) shows this procedure represented analytically 

and arranged to yield the deconvoluted spectrum. There is 

also a semi-empirical slitwidth correction for the line-

width which is useful when digitized data is not available. 

It is given by: 

r = r n - ( - ) ̂  i 
corr obs L vr . 1 

obs 

where r c Q r r is the true linewidth, rQfc|S is the observed 

linewidth, and 6 is the instrumental slitwidth. The instru-

mental slitwidth was measured by passing the laser line 

itself through the monochromator at various slitwidth 

settings. Heavy filtration was required (i.e. 105 reduction 

in power) so as to avoid damage to the photomultiplier tube. 

The full-width at half-maximum (FWHM) was duly recorded. 

Fermi Resonance Analysis 

The harmonic treatment of molecular vibrations rests 

on the assumption of infinitesimal displacements of the nuclei 

from their equilibrium positions. However, the vibrational 

spectra of molecular systems show definite deviations from 

the predictions of the harmonic model (20). For example, 

the selection rules for the harmonic oscillator predict that 

for infinitesimal displacement of the nuclei, overtones and 

combination bands should be forbidden in vibrational spectra. 
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In actual spectra, especially IR, such bands are very often 

observed, sometimes with appreciable intensity. Moreover, 

the harmonic model predicts that the vibrational levels 

associated with a given vibrational mode should have a con-

stant spacing, i.e. that overtones corresponding to quantum 

jumps Av = 2, 3, etc., should occur at frequencies which are 

exactly twice, three times, etc. the frequency of the funda-

mental mode and that hot bands should occur at the same fre-

quency as the fundamental. In practice this is never ob-

served. The frequency of overtones is normally lower than 

the corresponding multiple of the fundamental frequency. The 

same discrepancy is observed for combination and hot bands. 

In order to interpret these experimental results satisfac-

torily it is necessary to drop the assumption of infinitesimal 

displacement of the atoms and to use a more complex model in 

which terms higher than quadratic are retained in the potential 

function. This leads to anharmonic treatment of molecular 

vibrations. 

The Schrodinger equation governs the vibrational energy 

levels and eigenfunctions of a system of n particles of co-

ordinates X^, and masses m^. It is given by: 

E (l/m±) (i-| + -Mj. + 1_1) + 8jt (e _ v ) ^ = o 
i=l 9x7 9yT 9 zT h x J x x 

where is the wave function, E the total energy, and V the 

potential energy. If cubic, quartic, and possibly higher 
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terms are introduced into the potential function in addition 

to the quadratic terms, it can no longer be resolved into a 

number of independent equations as it did when quadratic 

terms only were used. In consequence, the energy is no 

longer a sum of independent terms corresponding to the dif-

ferent normal vibrations but contains cross terms containing 

the vibrational quantum numbers of two or more normal vibra-

tions. These cross terms are necessary for the occurrence 

of Fermi resonance. 

In polyatomic molecules with several vibrational modes 

it may happen that the level associated with a given vibration 

(or combination of vibrations) has the same energy as another 

level associated with a different vibration (or combination 

of vibrations). In such cases, if both vibrations have the 

same symmetry, a mutual perturbation sets in and, as a result, 

the two levels will repel each other. The wavefunctions des-

cribing the perturbed states then become combinations of the 

original wavefunctions and the states assume a mixed char-

acter. The direct consequence of this mixing of states is 

a redistribution of the intensity between the transitions 

from the ground to the two perturbed levels. This phenomenon 

was first recognized by Fermi (21) for gaseous CC>2 where the 

overtone of the bend has nearly the same energy as that of 

a fundamental so that the two levels interact strongly. 

Phenomenologically this interaction is revealed by the 

occurrence of two strong Raman lines in a frequency region 

where only one is expected. 
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When accidental near-degeneracy occurs between two 

vibrational levels, the resulting energies can be obtained 

through the use of standard perturbation theory (22). By 

solving the secular determinant: 

E° - E m 

(0 

ui 

E° - E 
P 

= 0 

one obtains 

E = h (E° + E°) + [(E° - E°)2/4 + co2]*2 

where E^ and E° are the unperturbed energies of the mt*1 and 

pth vibration, respectively, E is the perturbation energy and 

0) is the perturbation matrix element defined as 

a) = <m| H' | p> 

Here H' is the Hamiltonian of the anharmonic terms of the 

potential energy and m and p represent the eigenfunctions of 

the two vibrational levels that perturb each other. 

From the observed spectrum the values of the unperturbed 

frequencies and the matrix element can be obtained (18,19): 

>i = <"i + "2»/2 + <5/2) [{i ; r}] 

a
2 = <™i + "2>/

2 - <6/2> 'a + R)] 



16 

» = ( 6 / 2 ) [ 1 - ( ^ - l ) 2 ] ^ 

where <5 is the absolute value of the difference between the 

observed frequencies and R is their area ratio. and to2 

are the perturbed (i.e. observed) frequencies. The unper-

turbed frequencies, ^ and fi2, are equivalent to the pre-

viously defined E° and E° divided by he to convert them into 
Itl p 

the convenient units of wavenumbers. 

Results and Discussion 

Shown in Figures 3 - 5 are isotropic Raman spectra of 

neat NPA at 298K in the NH2 stretching region, neat NPA at 

197K, and 20 per cent NPA in CH at room temperature, respec-

tively. The solid curve indicates the experimental envelope 

and the dotted curve indicates the individual resolved peaks. 

Inspection of Figure 3 reveals three apparent peaks. 

Two strong peaks are found at approximately 3320 cm - 1 and 

3380 cm 1. The third peak is weaker and quite broad, having 

a band center at around 3250 cm-1. The former two peaks 

correspond to the NH- symmetric (v ) and anti-symmetric (v ) 
^ s a 

stretching modes (1). The latter peak arises from a Fermi 

resonance enhanced first overtone of the symmetrical defor-

mation mode (v2(5 ) (1) • 

Upon scrutiny, one can note a distinct asymmetry in the 

middle band. There is a slight shoulder on the low frequency 

side. This suggests the possibility of a fourth band in this 
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FIGURE 3 

RAMAN SPECTRUM OF n-PROPYLAMINE AT 298K 

The solid curve is the experimental envelope, 
The dotted lines represent the individual 
component bands determined from non-linear 
least squares regression. 
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FIGURE 4 

RAMAN SPECTRUM OF n-PROPYLAMINE AT 197K 

The solid curve is the experimental envelope, 
The dotted lines represent the individual 
component bands determined from non-linear 
least squares regression. 
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FIGURE 5 

RAMAN SPECTRUM OF 20% n-PROPYLAMINE IN CYCLOHEXANE 

The solid curve is the experimental envelope. 
The dotted lines represent the individual 
component bands determined from non-linear 
least squares regression. 
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region. In order to ascertain whether this fourth band is 

indeed genuine, caused by an additional mode or species, or 

not, the spectrum was fit with both three- and four-band 

Gaussian/Lorentzian summation functions. Obviously, one 

expects to observe a decrease in the residual squared error 

whenever additional parameters are included in any regression 

analysis. However, we had hoped to find a drastic improvement 

in fit upon inclusion of the extra parameters of the fourth 

peak. Moreover, Hamilton's R-Factor ratio test was available 

to quantify the statistical significance of the new model (23). 

Upon comparison of the two functions one finds that both 

the aforementioned criteria were fulfilled. In the first 

case the improvement was quite dramatic, leading to a reduction 

of more than a factor of 3 in the squared error. Paralleling 

this, the ratio test found the fourth band to be significant 

to a confidence level, a, of 0.005. This is interpreted to 

mean that there is a 99.5% probability that the included 

fourth band represents a physical phenomenon and is not 

simply an artifact of the data. The test was passed at 

a = 0.005 in each of the solutions studied as well as every 

cold temperature run. 

To be completely thorough we extended our model to in-

clude a fifth peak in either the v2fi or region. Using the 

same criteria as before, we were not able to obtain any defin-

itive evidence for the splitting of either of these two bands. 

This result is not altogether surprising, though. One 
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expects the Fermi resonance to be much weaker for non-

hydrogen bonded molecules, which explains the absence of a 

corresponding band in the region of • Concerning the 

anti-symmetric stretching peak, there have been reports of 

a lack of splitting of va in other 1:1 complexes of ali-

phatic amines (9,17). 

Table I displays the resolved parameters of the four-

band fit of NPA as a function of concentration. Table II 

presents these same parameters as a function of temperature. 

The various trends evinced in these tables lend credence 

to the model first proposed by Wolff (7), in which primary 

aliphatic amines are assumed to associate via 1:1 complexes. 

The spectra and their concomitant parametric trends lucidly 

show the presence of two distinct NHj symmetric stretching 

vibrations. This interpretation is in harmony with the con-

cept of decreased molecular association upon dilution in an 

inert solvent and increased molecular association at lower 

temperatures. 

Focussing attention on Table I, one notices immediately 

that the intensity of the Fermi resonance band, v0_, diminishes 
Zo 

at zero at the two lowest concentrations. Of the two sym-

metric stretching modes, v~ and v„ , the former can be 
31 s2 

assigned unambiguously to the associated species, due to both 

its lower frequency and greater linewidth at higher concen-

tration. Both these phenomena are indicative of hydrogen 

bonding (24). In this case the bonding must be auto-associative 
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since the solvent itself is inert. The latter peak center, 

vs , remains approximately constant at all concentrations. 
2 

This is to be expected for free NH2 groups. 

The two lowest frequency peaks are actually composed 

of a Fermi resonance doublet. This being the case, one must 

treat the pair mathematically to obtain unperturbed frequencies 

and intensities. These derived parameters depict what the 

spectra would look like had there been no Fermi resonance 

interaction. Our experimental data was analyzed via the 

standard Fermi resonance perturbation treatment as described 

previously. The results of this calculation are given in 

Table III for the solution studies and Table IV for the tem-

perature studies. 

Table III allows one to compare the intensity of the 

two NH2 symmetric stretching modes (i.e. that due to the 

hydrogen bonded species and that arising from the free species). 

As expected, the behavior of the ratio Is /°IS lends support 
2 1 

to the idea that the amount of hydrogen bonding increases 

with solute concentration in this system. In addition, 

Table III provides us with the ratio I9 /l„ , which monitors 
1 

the growth of the Fermi interaction itself. Clearly, the 

interaction is strongest in the neat sample and decreases 

sequentially as the concentration is lowered. By the time 

the mole fraction reaches 0.40, the resonance interaction is 

undetectable. 
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TABLE III 

FERMI RESONANCE ANALYSIS OF n-PROPYLAMINE IN CYCLOHEXANE 

M.F. I26/Is1 

0 * 
V2<5 S1 

* * 
W . nx 

I /'°I 
S2 S1 

1.00 0.203 3259 3300 23.6 0.82 

0.80 0.151 3264 3306 19.6 1.05 

0.60 0.114 3257 3310 20.3 1.51 

0.40 0.00 — 3321 0.0 2.75 

0.20 0.00 — 3328 0.0 3.96 

*Unperturbed peak frequencies, in cm 

**Fermi resonance matrix element, in cm" 
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TABLE IV 

FERMI RESONANCE ANALYSIS OF n-PROPYLAMINE WITH TEMPERATURE 

T (K) I2&/Js1 

* 

°V26 

* 

°v 
S1 

* * 

W . nx I /°I 
S2 S1 

197 0.296 3212 3268 42.82 0.013 

213 0.271 3215 3273 41.37 0.031 

228 0.271 3217 3273 40.14 0.043 

243 0.255 3224 3281 39.03 0.085 

258 0.269 3230 3283 37.60 0.136 

273 0.263 3235 3287 36.14 0.173 

283 0.325 3248 3288 34.42 0.232 

298 0.377 3265 3294 28.09 0.268 

*Unperturbed peak frequencies, in cm 1 

**Fermi Resonance Matrix element, in cm"1 
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These two terms are not unrelated. As discussed earlier, 

Fermi resonance can take place if two vibrational modes have 

the same symmetry and have nearly the same energy. For the 

case at hand, NPA has a symmetric stretch at around 3320 cm"^ 

and a symmetric bend at about 16 30 cm-"'". The first overtone 

of this bend, therefore, is placed slightly below 3260 cm-"'", 

which is within 100 cm ^ of the stretch. Since these two 

modes have identical (AjJ symmetries, we have a prime situ-

ation for a Fermi resonance interaction. It is well-established 

that hydrogen bonding tends to raise the position of bending 

vibrations and lower that of stretching vibrations (24). In 

this case, as the amount of hydrogen bonding increases, the 

position of the stretch decreases, which lessens the energy-

level gap between the two complimentary modes, leading to 

greater interaction. This occurrence is manifested by the 

growth of the ratio Ior/I with mole fraction. 
26 Sj 

The behavior of the anti-symmetric stretching mode, v , 
ci 

as delineated in Table I, provides further evidence of en-

hanced hydrogen bonding with concentration. As expected, the 

peak center is shifted to lower wavenumbers while the width 

increases. Enhancement of peak width is another established 

manifestation of hydrogen bonding (24). 

Lastly, one can comment on the percentage of Lorentzian 

character, f-j_or# found in the solution studies. It is 

generally accepted that the Raman spectra of liquids approach 

Lorentzian bandshapes while those of solids approach 



31 

Gaussian (25). Table I shows that at low NPA concentrations 

the peaks are more Lorentzian in character. This is in con-

cordance with the reduced amount of molecular association, 

which, in turn, heightens the fluidity of the system. As the 

mole fraction of the hydrogen bonding agent, NPA, is increased, 

the amount of molecular association grows concomitantly, 

yielding a more static environment. This fact is suggested 

by the bandshape. It gradually yet steadily becomes more 

Gaussian in character. 

The temperature studies corroborate the concentration 

runs very firmly. Displayed in Table II are the resolved 

parameters of the four band fit to the spectral data as a 

function of temperature. One observes that the peak frequency 

of the third band, VS2' r e m ai n s virtually constant over a 

100° range of temperature. These values are in excellent 

agreement with those reported for the symmetric stretching 

mode at high dilution in inert solvents (8,17) which provides 

additional evidence that vs^ is due to monomeric species in 

the neat liquid. The linewidth, As^, appears nearly constant, 

although it does exhibit a modest decrease at the lower tem-

peratures. However, this apparent decrease is likely to be 

an artifact of the curve-fitting process, being caused by the 

low intensity of this peak at these temperatures. One can 

conclude, then, that the constancy of position is indicative 

of the "free" species. 
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In contrast to vs^r v a
 s e e n t o fall by 14 cm ^ over 

the temperature range probed. The room temperature value 

agrees with an earlier report on the neat liquid (1), but 

lies 10-12 cm ^ below the reported anti-symmetric stretching 

frequency of the monomer in dilute solution (8,17). This 

can explain the observed variation in v . since one expects 
a 

the hydrogen bonding to diminish at higher temperatures. 

The bandwidth, A , is also seen to increase with temperature. 

In fact, a similar broadening has been observed in liquid 

ammonia (14,15). This is most likely caused by an increasing 

fraction of non-hydrogen bonded NH2 groups, since, although 

no band resolution was possible, it is not expected that v 
ct 

would be precisely coincident for the monomeric and hydrogen 

bonded species. 

As in the case of the concentration variation, inter-

pretation of v2g and vg_̂  as a function of temperature re-

quires removal of the Fermi resonance interaction, which has 

been accomplished as before (18,19). In contrast to v„ , 
-i 2 

°vS;L shows a 26 cm rise with increasing temperature. This, 

once again, is consistent with its assignment to the symmetric 

stretching mode of a hydrogen bonded NH2 group (26). We can 

also note that the breadth of this band, Ac , diminishes at 
S1 

higher temperatures. This same phenomenon has been reported 

with intermolecularly hydrogen bonded alcohols (26) . The 

decrease in width can be correlated with decreasing average 

size and distribution of "oligomeric" species at elevated 

temperatures. 
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The behavior of the parameters of the unperturbed over-

tone peak, °v26/ might appear somewhat anomalous in that both 

the frequency and width increase at higher temperatures. 

Based upon analogous studies of hydrogen bonded alcohols (26), 

one would expect the opposite behavior. Moreover, another 

oddity appears in this data. The room temperature value of 

°v26 ( 3 2 6 5 c m 1)- occurs at greater than twice the frequency 

of the fundamental (1630 cm-1), whereas one would expect it 

to be significantly lower due to vibrational anharmonicity. 

This is not a unique occurrence, however. This phenomenon 

has been observed in other systems (27-29) and has been ex-

plained on the basis of the fluctuation hypothesis of hydrogen 

bonding (30). This model assumes, quite reasonably, that the 

various vibrational frequencies of hydrogen bonded protons 

fluctuate about mean values, dependent upon the instantaneous 

local environment. As a consequence, the Fermi resonance 

interaction can take place partly in the wings of the respec-

tive vibrations, leading to somewhat unusual results, both 

here and in other systems (27-29). 

The final column of Table IV lists the temperature 

dependence of the ratio Is /°Ig . This parameter is propor-
2 1 

tional to the relative number of monomeric to hydrogen bonded 

molecules. It is evident that at lower temperatures, virtually 

all molecules are involved in hydrogen bonding. This fact is 

corroborated by inspection of Figure 2. The area under the 

vs^ peak dwarfs that of vs . By contrast, a reasonably 
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significant fraction of molecules are present as monomers 

in the neat liquid at room temperature. This fact is mani-

fested both by the value of the ratio (Iq /°Ie = 0.268) and 
2 si 

by inspection of Figure 1. One must realize, though, that 

when considering this ratio, it actually represents a lower 

limit to the relative fraction of the two species, since it 

has been reported that the inherent scattering activity of 

the NH2 symmetric stretch increases somewhat upon hydrogen 

bond formation (HI. Hence, the true values are somewhat 

larger than those calculated. 

Lastly, Table IV allows us to observe the behavior of 

the perturbation matrix element, con , with temperature. It 
i 

is seen to increase monotonically as the temperature is 

lowered. Since the magnitude of con is dependent upon the 
i 

degree of vibrational anharmonicity, this indicates that 

NH2 vibrations become more anharmonic with increased inter-

molecular association at reduced temperatures. This result 

is in accordance with current theories of weak to moderate 

hydrogen bonding in liquids (31) . 

In summary, a complete investigation of the behavior of 

the NH2 stretching region of n-propylamine has been under-

taken. Peaks due to the symmetric stretch, anti-symmetric 

stretch, and overtone of the bend have been unambiguously 

identified. Asymmetry in the contour of the symmetric 

stretching peak led one to suspect the presence of a fourth 
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band. By fitting the experimental envelope to a Gaussian/ 

Lorentzian summation envelope, evidence of its presence was 

indeed obtained. For the sake of completeness a fifth band 

was also sought and no indication of it was found. Band 

parameters, including the peak center, full-width at half-

maximum, peak height, and fraction of Lorentzian character 

were obtained both as a function of concentration in an inert 

solvent and as a function of temperature. These are dis-

played in Tables I and II. via inspection of the parametric 

behavior, one was able to prove the existence of two distinct 

amine species: hydrogen bonded and free. The peak due to 

the latter species was analyzed together with the overtone 

peak to establish that a Fermi resonance interaction indeed 

took place. The interaction was demonstrated by the reason-

able behavior of the Fermi resonance parameters with concen-

tration and temperature. This is listed in Tables III and IV. 

At this point the Fermi resonance behavior was explained with 

respect to the hydrogen bonding of the system. In addition, 

the fluidity of the solutions was monitored by the fraction 

Lorentzian. Its behavior was seen to match the hydrogen 

bonding trends. 
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CHAPTER II 

SPECTROSCOPIC PARAMETERS OF VIBRATIONAL LINESHAPES 

The two extremes of lineshapes of vibrational peaks are 

Gaussian and Lorentzian. The latter is defined as: 

Ilor(w) = A (1 + [(" ~ w 0 ) / A ] 2 ) - 1 

where A is the half-width cit ha If-maximum, w 0 the center fre-

quency, and A the peak height. A Gaussian peak is given by: 

1gauss ̂  = A e x p ^~ln 2 * ~ wo)/A]2) 

with the parameters the same as for a Lorentzian. For a given 

height and width the most striking difference between these 

two shapes is the behavior in the wings. A Gaussian decays 

much more quickly. For example, at a displacement of two 

half-widths from the peak center, a Lorentzian will decrease 

to only a fifth of its maximum height while a Gaussian will 

decline to a sixteenth of its maximum. Indeed, a Gaussian 

drops so sharply that it is often used to approximate tri-

angular functions. 

An important property of a spectral lineshape is its 

moment. The n*"*1 moment of a peak is defined by: 

n j Mn = | (co') 1 (a)') d (a)') 

In this case u' is the displacement from the peak center and 

(to1) the normalized intensity. If the intensity is not 

38 
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normalized it can become so by dividing by the zeroth moment. 

Taking this moment is simply integrating the curve. The first 

moment can be used to monitor the symmetry of a peak. If 

I (a)') is symmetric, the entire integrand will be odd and M1 

will vanish. If > 0, I (as *) is asymmetric and skewed 

toward the high side of the band. Conversely, if M1 < 0, the 

asymmetry is toward the low side. Gaussian and Lorentzian 

curves must always have first moments equal to zero since 

they are symmetric about their peak centers. 

The second moment is defined by: 

M 2 = 2 ̂  
(o»* 1 I (V ) d (oo» ) 

J 

In this case the larger the value of M2, the broader the peak 

is. Naturally, a value of zero would indicate a delta function. 

^2 "*"s a m e a s u r e the average squared frequency deviation 

from the peak center. This is evident via inspection of the 

preceeding equation. The factor (to')2 is the squared fre-

quency deviation itself while the product I (OJ 1) d (V) repre-

sents the fraction of vibrators with that value. The evaluation 

of M2 is very difficult experimentally due to the significant 

contributions at large displacements from the center frequency. 

Other moments can certainly be measured but they are 

less useful. The third moment, as well as any higher order 

odd moment, will be zero for a Gaussian or Lorentzian peak 

because of symmetry considerations. The fourth moment, in 

principle, can be used to estimate the mean squared torque on 
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a species undergoing reorientation (1). However, it is 

exceedingly difficult to obtain these values accurately, 

again due to the large contributions far out in the wings. 

Higher order even moments suffer the same setback, but even 

to a greater degree. 

The second moment of a Gaussian can be evaluated in a 

2 

straightforward manner. It has a value of 0.72A , where A 

is the half-width at half-maximum. In contrast, the second 

moment of a Lorentzian approaches infinity. Since experi-

mental peaks are never purely Gaussian or Lorentzian but 

rather a combination of the two, any experimental second 

moment must have a lower bound of 0.72A2. 

Vibrational spectra are taken in the frequency domain. 

By performing a Fourier transform on the experimentally 

determined lineshape one can mathematically obtain the com-

plementary function in the time domain, which is termed the 

correlation function, G(t). The precise definition of a 

Fourier transformation and its inverse is as follows: 

G (t) = (2it ) J I (oj) ela)t day 

I (u>) = j G (t) e"ia)t dt 

Using Euler's relationship [i.e. e±ltot = cos (cat) + i sin (ait)] 

the time-domain function can be arranged to yield an expression 

containing a real and an imaginary portion. The integrand 

of the imaginary component consists of the sine function 

multiplied by the lineshape function itself. Since the sine 
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function is odd, any symmetric lineshape will cause the entire 

imaginary portion to reduce to zero, thereby dropping out of 

the expression entirely. This realization reduces the com-

plexity of the Fourier transform calculation and facilitates 

its evaluation. 

Both Lorentzian and Gaussian peaks can be Fourier trans-

formed. The result for the Lorentzian case is: 

G(t) = B • exp (-6t) = B • exp (-t/x) 

Here <5 is the half-width at half-maximum, T is (<S)~̂  and B 

is a normalization constant which is equal to unity if the 

Lorentzian function were initially normalized. For a Gaussian 

peak one obtains: 

G(t) = B • exp <-

Again, B equals unity for an initially normalized peak. 

Figure 6 displays these two types of lineshapes plotted on 

the same axes. In this case both the heights and widths are 

identical. Figure 7 illustrates the Fourier transformation 

of these peaks. It can be seen that the semi—log plot of 

the transform of a Lorentzian is a straight line while that 

of a Gaussian is non-linear. In both cases, though, a large 

<5 indicates a fast decay. In considering the units of 6, one 

recognizes that both the products St and <S2t2 must be unitless. 

This being the case, the units of 6 are inverse time Ci*e. 

radians/sec), A width taken in cm r then, would have to be 

multiplied by 2TTC to be converted into the correct form. 
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FIGURE 6 

COMPARISON OF GAUSSIAN AND LORENTZIAN BANDSHAPES 

The height and width are identical. The solid 
curve represents the Lorentzian and the dotted 
curve the Gaussian. 
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FIGURE 7 

CORRELATION FUNCTION OF GAUSSIAN AND LORENTZIAN 
BANDS 

This is plotted as In G vs. time. The straight 
line is the transformation of the Lorentzian 
and the non-linear curve the Gaussian. In both 
cases the half-width is 5 cm~l. 
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The determination of t, as defined in the aforementioned 

Lorentzian correlation function, is often the objective of 

vibrational lineshape studies. There are three ways to com-

pute its value for exponential functions. One method is 

through a simple measurement of the half-width and realizing 

that 6 is the reciprocal of T. The second way is to evaluate 

the time at which the correlation function reaches e~\ This 

will yield the value of T directly. Finally, one can calculate 

the area under the G(t) curve itself, which for exponentials 

is equivalent to t. Considering all three methods, the third 

one is preferred since its results can be readily compared to 

t's obtained from NMR relaxation time measurements. 

One of the most important techniques for studying re-

orient at ional motion in liquids was developed by Gordon (2-4) 

and extended more recently by McClung (5). This treatment 

involved the use of correlation functions to provide a pathway 

for converting experimental data taken in the frequency domain 

to the more generally useful time regime. Thus, the time 

evolution of the reorientational relaxation process itself 

could be studied. There is a large range of experimental 

methods available to probe this field (6). These include 

Raman scattering, infrared absorption, nuclear magnetic 

resonance, incoherent neutron scattering, coherent neutron 

scattering, depolarized Rayleigh scattering, and picosecond 

spectroscopy. 

One of the earliest references to linebroadening of a 

Raman band was by Douglas and Rank (7) where broadening in 
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the spectrum of SnCl^ was attributed to intermolecular inter-

actions. Gordon, many years later, presented a more coherent 

picture of molecular motion in liquids by assuming that re-

orientational relaxation was the sole linebroadening mechanism 

present (2-4). He equated the Fourier transform of the 

spectral bandshape to a time dependent correlation function 

of a vector in a molecular fixed frame. Gordon found that, 

for a symmetric top molecule: 

•/ G r e o r ~ I I («0 e^wt dto 

A 
where I (.to) represents the depolarized Raman spectral bandshape 

normalized to unit area and G r e o r(t) is the time correlation 

function given by: 

Greor ( t ) = < p
2[*(°) " u(t)]> 

The angle brackets represent an ensemble average over the 

equilibrium distribution, u(o) and u(t) are unit vectors along 

the major symmetry axes at time o and t and P2fu(o) • u(t)] 

is the second order Legendre polynomial. This polynomial is 

given as: 

P 2
( x ) = % ( 3 x 2 ~ 1) 

For an IR peak, on the other hand, the correlation function 

is equated to a first order Legendre polynomial: 

Greor ( t ) = ^[uto) • u(t)] 

which is simply: 

P-L (x) = x 
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Bratos and Marechal (8) recognized that other broadening 

mechanisms were also important and pointed out that Raman 

spectroscopy was particularly well suited to studying the 

motional properties of diatomic molecules dissolved in inert 

solvents. Reorientational and vibrational relaxation con-

tribute differently to the depolarized and polarized com-

ponents of the Raman scattered light, thereby allowing the 

two relaxation processes to be studied. While the work of 

Bratos and Marechal was directed toward the behavior of 

diatomic molecules, the ideas were soon extended to include 

polyatomic symmetric-top molecules (9). Bartoli and 

Litovitz (10) and Nafie and Peticolas (11) independently 

presented detailed treatments showing the relationship between 

the symmetry species of the Raman band under study and the 

molecular axis undergoing reorientation. Experimental verifi-

cation of the theory was also given (10). 

For a 90° scattering geometry the parallel and perpendi-

cular components of the scattered Raman light was formulated 

as: 

11| (") = I i s o (<o) + (4/3) I_j_ (to) 

(a>) = ^anis M 

where I i s o (w) is identified with that part of the scattered 

intensity due to vibrational (i.e. non—reorientational) re-

laxation and I a n i s (to) with a convolution of vibrational and 

reorientational relaxation. Thus, the two processes could be 

separated for totally symmetric vibrational modes. 
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Mechanisms of Vibrational Linebroadening 

There are well established physical bases for peak 

broadening. For example, one can consider the broadening of 

an IR peak due to its molecular reorientation. The molecule 

will absorb radiation at the frequency of the oscillating 

dipole. However, the molecule itself will rotate and, in 

doing so, will rearrange its dipole moment with respect to 

the direction of the incoming electric field. In this case 

the dipole moment can be expressed as: 

v = y0 + h u£[cos (.<av + w^) + cos («v - u )]' 

where pQ is the equilibrium dipole moment, is its first 

derivative with respect to the normal coordinate, to is the 

vibrational frequency and a>r, its rotational frequency. In 

the liquid phase these rotational frequencies are arranged 

according to the Boltzmann distribution. This mandates that 

there will be a greater population at smaller frequency dis-

placements from the vibrational frequency than at larger dis-

placements. Furthermore, higher temperature leads to a higher 

average rotational frequency. This is manifested by a wider 

experimental peak, which, in turn, is characterized by a 

shorter T r e Q r. An analogous argument can be made to explain 

the reorientational broadening of Raman peaks. In place of 

dipole moment modulation, though, one must consider the modu-

lation of molecular polarizabilities. 

Vibrational relaxation mechanisms are also important 

contributors to spectroscopic linewidths. It is currently 
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believed that there are three mechanisms which induce broaden— 

i^9 of the isotropic Raman spectrum (12). The first is direct 

dissipation of energy to other degrees of freedom in the "bath". 

In other words, the molecule loses energy to the translations 

and rotations of the solvent molecules, the walls of the con-

tainer, etc. At present it is difficult to determine experi-

mentally the relative importance of this mechanism to vibra-

tional relaxation in complex molecules (13)• The second 

mechanism deals with resonant energy transfer of vibrational 

phonons between colliding molecules. Dilution studies of iso-

tropic species appear to indicate, though, that this path 

results in, at most, only a minor contribution to the vibra-

tional linewidths in most systems (14—17). The third cause 

of vibrational relaxation is known as vibrational dephasing. 

In this mechanism a molecule's vibrational frequency is seen 

to be influenced by the arrangement of its environmental cage. 

If a "normally" arranged cage is considered to lead to an 

"average" vibrational frequency, a "looser" cage will cause 

the frequency to decrease and a "more compact" one will cause 

it to increase. The width of the peak in question (more 

accurately, its second moment, M2) then is indicative of the 

distribution of molecular environments. 

A second factor affecting the linewidth is the speed at 

which this distribution changes. If it changes much more 

rapidly than the period of the molecular vibration, the mole-

cule will be affected only by an average environment. An 
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extremely fast modulation, therefore, will lead to no broad-

ening at all through this mechanism. The parameter monitoring 

how quickly the environment changes is the modulation time, 

t . Overall, the peak width depends on t as well as ML, the 111 m 2 

spread in the various environments itself. 

If one considers reorientational effects of an IR peak, 

a plot of In Greor(t) vs. t would have a Gaussian shape in 

the limit of zero time. At later times the curve will assume 

an exponential shape. The Gaussian portion is indicative of 

free rotor behavior which the molecule must exhibit at such 

short time. On this time scale there is no chance for col-

lisions with other molecules, so the free rotor motion will 

not be perturbed. The exponential portion of the graph marks 

rotational diffusion, in which the motion occurs as a series 

of small steps. The effect of reorientation on a Raman peak 

is quite similar. An analogous plot will assume a Gaussian 

contour at small times and will become exponential as the time 

is increased. However, the area under the curves will differ. 

In the case of IR T a r e a equals (2D) where D is a diffusion 

constant indicative of the time it takes for a molecule to 

rotate. In the Raman case, T a r e a equals (6D)"
1. This leads 

one to conclude, then: 

Treor (Raman) = V 3 t r e o r (IR) 

There is greater broadening due to reorientation in the Raman 

than in IR. 
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When one includes vibrational mechanisms the line-

broadening can be considered as a combination of vibrational 

and rotational relaxation. The Fourier transform of an IR 

curve would yield the product of the two correlation functions 

GIR(t) = Giso(t) • Greor(t) = F T ^ir <»>] 

Unfortunately, there is no way to separate these two to obtain 

the individual functions. With a Raman experiment, on the 

other hand, the two functions can be separated from each 

other via the following procedure. Fourier transformation 

of the anisotropic (i.e. depolarized) Raman curve will lead 

to its anisotropic correlation function: 

Ganls(t) = Giso(t) ' Greor(t) = F T ^anis <<o)] 

This is actually the product of its reorientational and iso-

tropic (i.e. vibrational) functions. Moreover, an isotropic 

Raman band may be obtained if one records both the polarized 

and depolarized peaks. The isotropic band is calculated as: 

Ziso M = V l iui) " 4 / 3 zdep {ui) 

Fourier transforming this curve will result in the isotropic 

correlation function: 

G
lso(t) = FT [I.so („)] 

One may then obtain the reorientational correlation function 

via the relationship: 

Greor^ ~ Ganis ̂  ^Giso 
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Figure 8 illustrates how all three functions (i.e. aniso-

tropic, isotropic, and reorientational) might compare. In 

this case the anisotropic curve decays most quickly since it 

encompasses all relaxation mechanisms. This is depicted by 

the solid curve. The curve delineated by triangles represents 

the dominant relaxation mechanism, be it isotropic or reorienta-

tional. The curve which decays least rapidly, of course, is 

due to the least effective mechanism. With this plot vibra-

tional and rotational contributions to linebroadening can be 

compared. 

Finally, one may comment on spectral linewidths. If one 

is dealing with nearly Lorentzian lineshapes, the following 

two relationships may be applied: 

T • = (2TTCA ) ^ 
ISO ISO 

T • = (2ircA . )_1 

anxs anis 

Since the anisotropic correlation function is the product of 

isotropic and reorientational correlation functions, it can 

be shown that: 

(X ) = (T . ) "̂  + (T ) "̂  

anxs' xso v reor' 

Moreover, since the T'S are proportional to the inverse of 

the spectral linewidths, it can be seen that the linewidths 
themselves are additive: 

A . = A . + A anis xso reor 

In this way vibrational and rotational contributions to line-

broadening can once again be estimated. 
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FIGURE 8 

COMPARISON OF THE ANISOTROPIC, ISOTROPIC, AND 
REORIENTATIONAL CORRELATION FUNCTIONS 

OF A GIVEN VIBRATIONAL MODE 

The solid curve represents the anisotropic 
function since it has the most rapid decay. 
The other two represent the two relaxation 
mechanisms with the triangles showing the 
dominant one and the circles showing the least 
effective one. In this case the half-widths 
are 5 cm , 3 cm , and 2 cm -, respectively. 
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Interpretive Models of Vibrational Lineshapes 

A useful approach to the interpretation of vibrational 

relaxation has been the adaptation of Kubo's general line-

shape formalism (18) to the vibrational dephasing process. 

Rothschild (19), Doge (20), and Van Woerkom (21) have shown 

independently that the isotropic correlation function can be 

expressed as a function of the second moment (Mj) and the 

modulation time (Tffl). If dephasing occurs from short-range 

repulsive interactions, the latter quantity can be taken to 

represent, approximately, the time between collisions in the 

liquid. This approach suffers in that it cannot be utilized 

to obtain a priori estimates of t^so/ due to the inability to 

calculate theoretical second moments in complex molecular 

liquids. However, it has been used successfully to interpret 

the observed relaxation behavior in a number of systems 

(e.g. 19, 22-26). 

The theoretical expression for the isotropic correla-

tion function (19) is: 

Giso(t) = exP (-M2{Tm[exp(-t/Tm)_;L] + T m t } ) 

The accepted procedure is to fit the equation to the measured 

correlation function, using experimentally calculated second 

moments, to obtain optimal values of There are two 

limiting types of behavior, depending on the value of the 

product M2Tm
2. when M ^ 2 << 1 (termed rapid modulation), 

the isotropic correlation function exhibits exponential 

behavior. In this rapid modulation (or motional narrowing) 
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limit, the short duration of the perturbative collisions 

lower their effectiveness, and therefore a relatively large 

number of these collisions may be required to achieve signifi-

cant vibrational dephasing. In this situation the general 

expression for the correlation function reduces to: 

Giso ( t ) = e xP '"t/Tiso) Where t.so = W ^ ) " 1 

2 At the opposite extreme, when M0x >> 1 (i.e. the root mean z, m 

squared frequency displacement is far greater than the collision 

r a t e' Tm ^ ' o n e h a s a relatively static system. When the 

modulation is slow, the effects of a perturbation on an 

oscillator are significant over a long time. This situation 

is described as a rigid lattice and G. (_t) becomes Gaussian 
X o U 

in form. The general expression for the correlation function 

reduces to: 

Giso(t) = exP ("^2t2) 

In any case the general Rothschild formula is certainly valid 

2 

for all values of M2Tm . Furthermore, in the rigid lattice 

limit G^so(t) is Gaussian which indicates a Gaussian lineshape. 

In the motional narrowing limit G. (t) is exponential which 
ISO 

indicates a Lorentzian lineshape. Moreover, irrespective of 

the value of , the shape of G^so(t) will be Gaussian as 

t approaches zero and exponential as t approaches infinity. 

An a priori theoretical approach to vibrational dephasing 

is the isolated binary collision (IBC) model, developed by 

Fischer and Laubereau (27) for diatomic molecules. Considering 
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its approximate nature, this model has been rather successful 

in furnishing values of x. in a number of systems. It has 
-L o U 

also been shown to predict correctly the temperature dependence 

of the dephasing time in methyl iodide (16,23,27) and has been 

used by Jonas and co-workers (25) to provide an explanation 

of the isotope effect on the breadth of the C-H (C-D) stretching 

mode in chloroform. 

The derived equation which relates the vibrational de-

phasing correlation time to the hard-sphere collision time is 

given by: 
2 9 

_ 2 IT . JT . 2 
iso 9 kT ^ 4 wo T c V Y 

where k is Boltzmann's constant and T the temperature. L is 

the interaction length, often taken to be proportional to the 

molecular hard-sphere diameter (usually L = a/17.5). M is 

the reduced mass of the oscillator, y the reduced mass of the 

oscillator and its collision partner, and y is the relative 

amplitude of motion of the colliding atoms of the oscillator. 

Its value is taken to be h for stretching modes and \ for 

bending modes (15) . ojq is the vibrational frequency of the 

oscillator and tc is the time between collisions in the liquid. 

There are three models available to provide values for 

collision times, tc. The cubic cell model is the simplest 

to conceptualize but perhaps because of this it is precluded 

from serious consideration. In the original development of 

the IBC model, tc was obtained from a hydrodynamically derived 
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expression. This model utilizes the fluid's! density and 

viscosity along with its molecular diameter to obtain col-

lision times. Unfortunately, the results obtained via this 

method are suspect since they are much smaller than those 

obtained by the other models. Furthermore, its collision 

time is too greatly dependent on temperature. Jonas has 

shown that the use of the Enskog model furnishes more realistic 

values of collision times in liquids (28). This model assumes 

that a liquid behaves in a manner similar to that of a dilute 

gas and is corrected to compensate for the excluded volume. 

Here, x = 2/3 x where (24) 
v-> 6 

T _ r8 ,KTv% 2 , , t-1 

e ~ [3 C ™ ) 17 p a x(0)'3-

K is Boltzmann1s constant, T the temperature, m the molecular 

mass, P the number density, and a the molecular diameter. X(G) 

represents the correction factor to compensate for the excluded 

volume and is quantified as (29): 

x(o) = T1' 
4t) 

where z is the compressibility and n the packing fraction. The 

Enskog method, is currently the preferred way to obtain collision 

times for use with the isolated binary collision model. 
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CHAPTER III 

RAMAN LINESHAPE STUDIES OF t-BUTYL CHLORIDE AND 
THE GROUP IVA TRIMETHYLMETAL CHLORIDES 

Theoretical advances over the past several years (1-7) 

have prompted numerous investigations on the Raman 

spectroscopic lineshapes of molecules in condensed phases 

(8—11). With comparatively few exceptions the preponderance 

of these studies (e.g. 12-15) have involved analysis of a 

single Aj vibrational mode in relatively simple systems, 

such as chloroform, acetonitrile and methyl iodide. A 

number of studies from this laboratory have focussed on 

comparative analysis of the vibrational relaxation 

parameters obtained from the Raman lineshapes of various 

vibrational modes in haloalkanes (e.g. 16-21). 

In one recent investigation (19) it was determined that 

the isotropic (i•e. vibrational relaxation) correlation 

times of the carbon-halogen (CC1 and CBr) stretching modes 

were quite similar in alkyl halides of varying structure. 

Isotropic second moments and modulation times obtained from 

the Kubo approach (4-6, 22), on the other hand, varied 

significantly between molecules. To extend this line of 

reasoning we investigated and compared the vibrational 

relaxation and molecular reorientation times obtained from 

the three skeletal A]_ modes ( vg, CC3 stretch; V7, 

62 
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CC1 stretch; Vg( CC3 bend) (23) of t-toutyl chloride at 

various temperatures in the liquid phase. Attempts to 

obtain similar results on the totally symmetric CH3 

bending and stretching vibrations of this molecule were 

unsuccessful as a result of the low intensity of the 

deformation band and coupling of the CH3 valence modes 

between the three methyl groups. Moreover, we extended the 

investigation to other molecules analogous in structure to 

TBC. We studied the temperature dependence of vibrational 

relaxation of several Aj modes of the following Group IVA 

trimethylmetal chlorides: trimethylchlorosilane (TCSi), 

trimethylchlorogermane (TCGe) and trimethylchlorostannane 

(TCSn). 

Experimental 

All four compounds were available commercially. TBC 

was purchased from MCB Manufacturing, TCSi and TCSn from 

Alpha Products (Thiokol), and TCGe from Strem Chemicals. 

The carbon, silicon and germanium compounds were all 

purified via fractional distillation under nitrogen. The 

tin compound, which was present as white crystals at room 

temperature, was used without further purification. Simple 

capillary tubes served as sample holders, which were flame 

sealed after the introduction of each compound. The 

temperatures studied ranged from -40 to +128°C with the aim 

of covering each compound's liquid phase. The temperature 
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variation was effected by directing either heated air or 

liquid nitrogen boil-off around the sample holder which was 

placed in a Harney-Miller cell. The temperature reading is 

believed to be accurate to within + 2°C. The data were 

acquired digitally at 0.5 cm~l increments via an inter-

faced microcomputer (Apple 11+). The details of the 

experimental apparatus have been given earlier in this work 

and will not be repeated here (see Chapter I, Experimental). 

Both polarized and depolarized spectra were taken for all 

frequency ranges under study. In each case the peaks were 

recorded to displacements of at least 8-10 half-widths from 

the peak center in order to insure a flat baseline. Spectra 

of the following A]̂  bands were obtained for each molecule 

(24): v2 - CH3 stretch? v4 _ CH3 bend?
 v 6 - MC3 

stretch? vj - MCI stretch and vg - MC3 bend. The MC3 

bend was not available for analysis for the silicon, 

germanium or tin compounds because of its proximity to the 

Rayleigh wing of the incident radiation. The CH3 bending 

modes in TBC and TCSi could not be studied due to their low 

scattering intensity. The CH3 stretching mode in TBC was 

not amendable to analysis due to vibrational coupling 

between methyl groups. lastly, inspection of plots of the 

spectra of the SnCl stretching mode in TCSn revealed the 

presence of weak bands in the wing of this peak. Therefore, 

accurate analysis of this mode was not possible. Although 

it would be desirable to analyze all bands in an identical 
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manner, the absence of other vibrational modes in the band 

wings determined which side was used. It was necessary to 

analyze the low frequency side of V2 and v6 in each 

compound except TBC and of v7 in TCGe. The high frequency 

sides of all other bands were used. 

The correlation functions were obtained from the 

experimental data via the Fortran program "Line." This 

program initially calculated an exact polarized and depolar-

ized peak center from an approximate center and also 

subtracted the baseline given either one or two baseline 

frequencies. The program then calculated the isotropic 

bandshape and tabulated the polarized, anisotropic (i.e. 

depolarized), and isotropic moments. Of experimental 

interest are the zeroth and second moments, the latter 

reflecting the breadth of the peak and the former, its area. 

A numerical Fourier transform was performed to obtain the 

isotropic and anisotropic correlation functions. At this 

point these functions were corrected for the monochromatic 

slitwidth by numerical division assuming a Gaussian 

instrumental slit function. The instrumental HWHM was 

recorded to be 1.7 cm~l. The reorientational corre-

lation function was calculated by the product G a n i s / G ! i s o * 

Lastly, Tiso was determined for all three correlation 

functions by two methods: a) by taking the area under the 

curves and b) by evaluating the time at which the corre-

lation functions reached a value of e — . Once the 
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isotropic correlation function has been determined, the Kubo 

lineshape formalism can be applied via the Fortran program 

"Kubo." In this case the isotropic correlation function is 

expressed as a function of the second moment and the 

modulation time. The procedure is to fit the expression to 

the derived correlation function using the experimentally 

calculated second moment. In this way optimal values of the 

modulation time, xm, can be obtained. The program 

requires an input of the maximum time and minimum Gi s o 

to be fit. Typical values used were 6.0 picoseconds as a 

maximum time and 0.38 as a minimum value of the correlation 

function. At this point the Isolated Binary Collision 

expression was evaluated for the systems under study. This 

model required a value for the collision time, t c. The 

value used was determined from the Enskog model and calcu-

lated via the Basic program "Enskog." The program returned 

values of t c as a function of temperature. The Basic 

program "IBC" was now run in order to determine vibrational 

dephasing times, tp^. These were returned as a 

function of temperature as well. 

hi Skeletal Modes in t-Butyl Chloride 

Presented in Table 5 is a summary of the various 

experimentally derived quantities from the three A^ 

skeletal modes in TBC. One observes that the room 

temperature values of the isotropic second moments are of 
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comparable magnitude for the CC3 and CC1 stretching modes 

and many times greater than M2(iso) measured for the CC3 

symmetric deformation. Although not shown in the table, it 

was found that, to within experimental error, the second 

moments of all three vibrations are relatively insensitive 

to temperature. 

In a recent investigation of the vibrational dephasing 

of the C-X stretching mode in several haloalkanes (19), this 

laboratory reported a second moment of 138 cm"2 for the 

^7 mode. This is somewhat greater than the results 

obtained here, where values of remained approximately 

constant in the range of 90 to 105 cm-2 over the various 

temperatures. The earlier study utilized a different 

experimental configuration, in which the data were obtained 

on a strip-chart recorder and digitized manually. This 

discrepancy between the two sets of results illustrates the 

oft-stated difficulty of obtaining accurate second moments 

due to the extreme sensitivity of M2 to the choice of 

baseline (9). 

Isotropic correlation times, Tiso, were determined 

experimentally both from the areas and the decay (e_1) 

times of Giso(t). We see from the table that t i s o 

obtained by the two methods are in quite reasonable agreement 

for each of the three vibrational modes. Like the isotropic 

second moments, it was found that the room temperature 

values for these correlation times are very similar for the 
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two stretching vibrations ( v 6 and v 7 ) and far different 

from Ti s o for the skeletal deformation (vg)„ This was found 

to be a factor of three to four times longer, indicating 

less efficient relaxation of this mode in TBC. The 

relaxation times for the stretching modes are also in quite 

acceptable agreement with earlier published values of 1.3 

psecs (25) and 0.85 psecs (26) for vg and v 7, respectively. 

Unfortunately, the similarity in vibrational relaxation 

times does not extend to their dependence on temperature. 

The apparent activation energy (27) of T± s o for the CC3 

stretch was found to be -0.8 or -0.6 kcal/mole, depending 

upon the calculation method, indicating that the correlation 

functions decrease with rising temperature. The situation 

is somewhat more ambiguous for ^7 and Vg. Although 

calculated activation energies are positive for both modes, 

the error limits (i.e. one standard deviation) are 

relatively large and, furthermore, the results differ 

significantly for the CC1 stretch depending upon the 

analysis method. Therefore, we hesitate to state with 

certainty that T^so increases with temperature for 

either V7 or vg. it is felt that the comparatively 

large error limits probably result both from the limited 

range of accessible temperatures and the relatively high 

depolarization ratios of the three bands (28) leading to 

errors in the calculation of Iiso(w). 



70 

One theory recently utilized to obtain a priori 

estimates of vibrational dephasing times is the Isolated 

Binary Collision model of Fischer and Laubereau (7). 

Utilizing this model (29) we have calculated vibrational 

dephasing times, Tph, for the three symmetric skeletal 

vibrations in TBC. As shown in Table 5, the model enjoys 

some degree of success in that it correctly predicts the 

near equality of relaxation times for the two stretching 

modes, although the calculated dephasing times are a factor 

of 2-3 times greater than the value of tiso. it does not, 

however, predict the longer observed isotropic relaxation 

times of the bending vibration. Moreover, the model fails 

to predict the negative temperature dependence of T^so for 

v6» since the calculated dephasing times exhibit an 

activation enery of Ea = +0.1 kcal/mole for all three 

modes. 

A second model used to interpret dephasing times 

employs the Kubo lineshape formalism (22), which has been 

adapted by several researchers to vibrational relaxation 

(4-6). The parameter Tmf the modulation time, has been 

interpreted either as the collision time in the liquid or 

one-half the dipolar reorientation time, T1# depending 

upon whether dephasing results from hard-sphere collisions 

or longer range dipole-dipole interactions. As shown in 

Table 5, this quantity ranges from between 0.3 and 0.5 psec 

for the three vibrations. These values are much longer than 
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hard-sphere collision times calculated from the Enskog model 

(29), which are 0.1 psec at room temperature. At the same 

time, they are far shorter than the dipolar reorientation 

time, which is appoximately 5 psec. It was also determined 

that the modulation times exhibited no significant 

dependence upon temperature to within experimental error. 

Thus, the Kubo approach does not yield any unambiguous 

interpretation of the mechanism of vibrational relaxation of 

the A^ modes in this system. It is interesting to note, 

though, that the modulation times for the CC1 stretching and 

CC3 bending vibrations are approximately equal. It may 

thus be inferred that the less efficient relaxation (longer 

Tiso) o f t h e latter mode arises predominantly from its 

lower measured second moments, indicating a narrower 

"spread" of molecular environments for the skeletal bending 

vibration. 

A procedure commonly utilized to obtain reorientational 

information from Raman lineshapes is the Fourier transfor-

mation of the isotropic and anisotropic spectra to obtain 

the respective correlation functions, Giso(t) and Ganis(t), 

and then assume that the latter is the product Giso(t.) • 

^reor(^)' where G r e o r(t) is the correlation function of 

the second order Legendre polynomial, P 2 (u(o)»u(t))
2. 

The reorientational correlation function can therefore be 

obtained from the quotient, Ganis(t)/Giso(t). The 

correlation time, T r e o r, can then be obtained either from 
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the area or decay time of G r e o r . However, this procedure 

was found to be unsuitable in TBC. The relatively rapid 

decay of both the anisotopic and isotropic correlation 

functions for vg and v 7 induced significant oscillations 

in G r e o r(t) for times greater than 1-2 psecs. Therefore, 

we adopted two alternative procedures to obtain values for 

Treor» both based on the assumption of Lorentzian lineshapes. 

In the first method we utilized the relationship: 

T-1 _ T-l. _ -1 
L reor - Tanis Tiso 

The second technique involved direct subtraction of 

linewidths (HWHM): 

^reor = ranis ~ ^iso 

Followed by calculation of the correlation time via the 

relationship: 

T reor = (2ITC IVeor) 

As seen in Table 5, the room temperature values of T r e o r 

obtained from the two methods are consistent for each of the 

three vibrations. Czarniecka et al (25), using the linewidth 

subtraction procedure on the CC3 stretching mode, reported 

a room temperature value for T
reor

 o f 1*5 psec, which 

is in good agreement with the results shown here. 

As shown in Figure 9, rotational times calculated from 

the two stretching modes (via the linewidth subtraction 

method) agree well over the temperature range studied. 

Values of T
r e o r obtained from the bending vibration, on 

the other hand, are consistently greater by approximately 



73 

FIGURE 9 

TEMPERATURE DEPENDENCE OF THE REORIENTATIONAL 
CORRELATION TIMES OF t-BUTYL CHLORIDE 

v6«* • " v7/ • " v8* dipolar 
rotational times calculated from dielectric 
relaxation. 
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50 per cent. Reorientational times obtained from all 

modes in a symmetric-top molecule represent the tumbling 

motion of the top axis and, therefore, should be equal. The 

authors find no simple explanation, but tend to believe that 

the values obtained from the stretching modes, which have 

significantly greater Raman scattering intensity, are more 

accurate. It is of interest to note that reorientational 

times calculated from the extended theory of microviscosity 

(30) (T r e o r = 1 . 8 psec at 15°C) are quite close to the 

experimental values obtained here. 

Finally we can compare our results with the temperature 

dependence of first order reorientational correlation times, 

T]_, obtained from dielectric relaxation measurements. 

Urban and coworkers (31) reported a value for r1 of 4.9 

psec at 25°C. As noted by Czarniecka et al (25), this is on 

the order of 3 times longer than the Raman correlation 

times, which is the result to be expected if the TBC 

molecules rotate via small-step diffusion. Urban (31) also 

reported an activation energy (32) of -1.3 kcal/mole (see 

dashed line of Figure 9), which is reasonably close to the 

results obtained for two of the three modes studied here. 

Vibrational Relaxation in the Group IVA 
Trimethylmetal Chlorides 

Contained in Tables 6 through 9 is a summary of the 

results for the vibrational modes of the 4 Group IVA 
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trimethylmetal chlorides. The numerical values represent 

room temperature (i.e. 25°C) results interpolated from a 

least squares fit to the experimental data. Also listed in 

the tables are the activation energies of the correlation 

times with appropriate error limits, which are derived from 

the standard deviation of the slope of the linear fit. 

One sees from Table 6 that the values of M2(iso) for 

the MCI stretching mode ( vj) are quite consistent, falling 

between 90 and 100 cm~2 for the three molecules studied 

here. This is also observed in Table 7 for the MC3 

stretch, vq, for which the room temperature second moments 

lie between 70 and 90 cm~2 in all four compounds, being 

only slightly lower than the results for V7. in contrast, 

the M2
1s for the CH3 valence modes (Table 8) are quite a 

bit higher in the three systems for which data could be 

obtained. We see from Table 9 that moments of the CH3 

symmetric deformation ( v 4 ) of both TCGe and TCSn are of 

the same magnitude, significantly less than those of the 

three stretching vibrations. It is of interest to note that 

lower second moments were obtained for the MC3 deformation 

mode than for the corresponding stretch of TBC (21). This 

was also the case in a comparison of the CH3 bending and 

stretching modes in methyl iodide (16). However, it is not 

clear that this inequality is general, due to the relatively 

low Raman intensities of symmetric bending vibrations. 
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These results seem to indicate that equivalent modes in 

these molecules, which have similar structure, have roughly 

equal isotropic moments. This relative transferability was 

not observed in a comparison of the dissimilar molecules, 

isopropyl chloride and TBC (19), where M2 of the CC1 

stretch varied by a factor of three between the two liquids. 

Although not shown in the tables, it was also determined 

from linear regression that the second moments of v2, and 

v7 appear to be independent of temperature in all four 

molecules, to within experimental error. For v6 of the 

MC3 stretch, however, was found to increase modestly 

with temperature in all members of the series. 

Values for T i s o were calculated both from the area 

under the correlation function and from the decay (e~l) 

time. It may be seen from the tables that correlation times 

obtained by the two methods are in very reasonable agreement, 

in most cases being within less than 5-10 percent. From 

Table 6 it is observed that the vibrational (i.e. isotropic) 
* 

relaxation times for v7 are fairly close to each other, 

ranging from 0.8 to 1.1 psec: for the three molecules 

studied. Table 7 shows that correlation times for the MC3 

stretching mode are of a similar magnitude but longer than 

those of the former vibration, with its variation being 

somewhat greater. This was also found to be the case for v2, 

which had the shortest correlation times and for v4, which 

exhibited the largest values of Tiso* From these results 
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one can conclude that, as with second moments, relaxation 

times of equivalent modes are of the same magnitude for all 

four of these liquids. 

Examination of the activation energies for t^so 

reveals that there is no clear systematic temperature 

dependence for this quantity in v 2 , V4 or V7. For vg, 

on the other hand, it was observed that the correlation 

times decrease with temperature for the four systems, being 

manifested by negative values of Ea(T^so). As noted, this 

was also the only vibration, exhibiting a consistent 

temperature dependence for the isotropic second moments. 

Fischer and Laubereau (7) have developed a simplified 

,model for the a priori calculation of vibrational relaxation 

(i.e. dephasing) times, x p h, of diatomic molecules. 

Tanabe and Jonas (12) have suggested various approximations 

to adapt the theory to polyatomic systems, including the use 

of the Enskog model (29) to calculate collision time in the 

liquid. We have made use of this adaptation to obtain 

dephasing times for each of the four vibrational modes (33). 

It may be seen that the model correctly predicts the shorter 

correlation times of the CH3 valence mode (Table 8) 

compared to the other stretching vibrations (Tables 6 and 

7). It is also qualitatively correct in estimating 

relatively constant (to within a factor of 2) correlation 

times for the latter modes in all members of the series. It 

fails, however, to explain the long relaxation times for the 
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CH3 deformation, predicting that they should be approximately 

equal to those of the CH3 stretch. Overall, it is seen 

that the calculated dephasing times are longer than the 

observed values of Ti s o for all three stretching 

vibrations and significantly shorter than the experimental 

results for the CH3 bend. This pattern of over- and 

under-prediction was also observed in the study of TBC (21) 

and likely results from the different approximations 

utilized for the two types of vibrations. We also note that 

calculated dephasing times predict a relatively modest 

temperature dependence for all four liquids, with E a ( x p h ) 

lying between +0.1 and +0.2 kcal/mole. This is in 

qualitative agreement with all modes except v6 where, as 

noted t ̂ s o exhibits a negative temperature dependence 

for each of these compounds. 

Several researchers (4-6) have adapted the Kubo theory 

of NMR lineshapes (22) to vibrational dephasing. Using 

experimental second moments, this method allowed us to 

obtain values of the modulation time, Tm, as a function of 

temperature. As seen from the tables, the room temperature 

modulation times for a given mode remain approximately 

constant within the members of the series, with the 

exception of the GeC3 stretch (Table 7). Moreover, aside 

from the MCI stretching mode, the calculated times lie 

within a factor of two to four times the Enskog collision 

times (approximately 0.1 psec at 25°C), and much below the 
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dipolar reorientation times (5 psec for TCSi) (31). It is 

tempting, therefore, to ascribe vibrational relaxation in 

v 2 , V4 and vg to short-range collisional interactions, 

since rm has been interpreted either as the hard-sphere 

collision time if dephasing results from short-range 

repulsions (6) or as one-half the dipolar reorientation time 

if it is caused by dipole-dipole interactions (4). 

Unfortunately, such an interpretation cannot be offered 

unambiguously since the activation energy for T c from the 

Enskog model is +0.5 kcal/mole, which is not in agreement 

with the experimental values of Ea(Tm) f o r s o m e Qf t h e 

vibrations in this study. It can be stated, however, that 

the relatively constant modulation times imply that the 

mechanism of dephasing is probably the same for equivalent 

modes in the four systems. 

We have also calculated values of / • ' T m, the 

magnitude of which represents the relative efficiency of the 

dephasing process (6). It was found that this quantity was 

on the order of unity for the MCI stretch, significantly 

greater than the average values for the other modes, 

indicating that the effectiveness of the perturbation is 

diminished by motional narrowing in the latter vibrations. 

As before, the relatively efficient vibrational 

relaxation caused Giso(t) arid Ganis(t) to have similar 

decay times, which led to an ill—behaved reorientational 
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function when calculated by the standard procedure (34). 

Therefore, we adopted the alternative procedure of 

calculating rotational "tumbling" times, T r e o r, via the 

relation: 

T 1 — T — • T ~ l 
reor ~ anis iso 

The difficulty resulting from efficient dephasing was only 

partially overcome by the use of this technique and the 

CH3 stretching modes proved unamenable to this approach. 

Moreover, we observed relatively large scatter in the cal-

culated activation energies, for example -2.0 kcal/mole vs. 

0.0 kcal/mole for v4 and v5 of TCSn. The room temperature 

reorientational times are fairly consistent for TBC (2.0 and 

2.3 psec for an<j respectively) and TCSn (5.5 psec 

for both a nd but suffer greater divergence for 

TCSi and TCGe. The general trend, though, is toward slower 

rotation as the central atom becomes heavier, in agreement 

with intuitive expectations. Average room temperature 

rotational times vary in the order: C - 2.2 psec; Si - 3.0 

psec; Ge - 3.4 psec; Sn - 5.5 psec. 
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APPENDIX 

In Chapter III only room temperature values of the 

derived lineshape parameters and their activation energies 

were presented. The following tables list the complete 

set of parameters at temperatures throughout the liquid 

range for t-butyl chloride, trimethylchlorosilane, tri-

methylchlorogermane, and trimethylchlorostannane. 
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TABLE A-I 

DERIVED LINESHAPE PARAMETERS OF t-BUTYL CHLORIDE; 
M-C3 BEND (Vg) 

90 

Tempa M2(iso)k T. c,e lxso 
t . d,e lanis T ® lm 

T e Tph 

-21 16 
4.3 
(3.6) 5.2 0.5 1.8 

-10 14 
4.2 
(3.4) 2.0 0.6 1.8 

+01 13 
4.7 
(3.7) 4.6 0.6 1.8 

+09 12 
4.6 
(3.8) 6.5 0.6 1.8 

+22 13 
4.5 
(3.6) 4.6 0.6 1.8 

+29 12 
5.2 
(3.9) 3.9 0.6 1.8 

a) degrees Celsius 

b) cm-2 

-1 c) Correlation times determined from e time and 
zeroth moment (values in parentheses) 

d) Correlation times determined from zeroth moment 

e) psec 



TABLE A-II 

DERIVED LINESHAPE PARAMETERSf OF t-BUTYL CHLORIDE; 
M-Cl STRETCH (V7) 

91 

Tempa M2(iso)k x • c, e Liso x . d,e Lanis T ® lm 
TphS 

-21 104 
1.0 
(0.9) 0.7 0.4 3.2 

-10 95 
1.1 
(1.0) 0.7 0.5 3.2 

+01 91 
1.2 
(1.3) 0.9 0.4 3.2 

+09 100 
1.1 
(1.0) 0.7 0.5 3.2 

+22 92 
1.1 
(1.2) 0.8 0.4 3.2 

+29 100 
1.1 
(0.9) 0.6 0.5 3.3 

f) See footnotes for Table A-I 



TABLE A-III 

DERIVED LINESHAPE PARAMETERSf OF t-BUTYL CHLORIDE; 
M-C3 STRETCH (Vg) 

92 

Tempa M2(iso)k 'T* » G jr 0 
Lxso 

T • d,e l a m s T e Tph S 

- 2 1 40 
2.0 

( 1 . 8 ) 0 . 8 0 . 4 2 . 9 

- 1 0 87 
1 . 7 

( 1 . 4 ) 0 . 9 0 . 2 2 . 9 

+01 52 
1 . 8 

( 1 . 9 ) 1 . 1 0 . 3 2 . 9 

+09 81 
1 . 6 

( 1 . 3 ) 0 . 8 0 . 2 2 . 9 

+22 81 
1 . 6 

( 1 . 3 ) 0 . 7 0 . 2 2 . 9 

+29 60 
1 . 6 

( 1 . 4 ) 0 . 7 0 . 4 3 . 0 

f) See footnotes for Table A-I 



TABLE A-IV 

DERIVED LINESHAPE PARAMETERS OF TRIMETHYLCHLORO-
SILANE; M-Cl STRETCH (v7) 

93 

a 
Temp M2(iso)k c,d 

Liso 
c,d 

Tanis 
d 

T m 
d 

Tph 

-40 104 0.8 0.6 0.9 5.5 

-28 123 O
 

• C
O
 

0.9 0.5 5.5 

-15 87 0.9 

00
 • 
0
 1.0 5.5 

+13 99 1.0 0.9 0.4 5.6 

+ 33 107 0.9 1.0 O
 

* -J
 

5.8 

+46 89 0.9 0.6 0.8 5.8 

a) degrees Celsius 

b) cm"2 

c) Correlation times determined from zeroth moment 

d) psec 



TABLE A-V 

DERIVED LINESHAPE PARAMETERS0 OF TRIMETHYLCHLORO-
SI LANE; M-C-j STRETCH (vg) 

94 

Tempa M2(iso)k t * c, d. Liso T" • C / ̂  
Lanis 

t d lm Tphd 

-40 62 2.5 1.4 0.2 3.0 

-28 48 2.4 1.2 0.3 3.0 

-15 67 2.3 1.3 0.2 3.0 

-05 43 2.0 0.9 0.4 3.0 

+13 60 2.3 1.0 0.2 3.0 

+33 149 1.6 1.6 1.0 3.1 

+46 121 1.8 1.2 0.1 3.1 

e) See footnotes for Table A-IV 



TABLE A-VI 

DERIVED LINESHAPE PARAMETERS8 OF TRIMETHYLCHLORO-
SILANE; CH3 STRETCH (v2) 

95 

Tempa M2(iso)
b T c,d 

ISO 
x c,d 
anis T m T d 

-40 264 0.9 1.0 0.1 0.7 

-28 268 0.8 2.5 0.2 0.7 

-15 273 0.8 0.8 0.2 0.7 

-05 258 0.8 O
 

• 00
 

0.2 0.7 

+13 238 0.9 1.3 0.2 0.8 

+ 33 341 0.8 1.0 0.2 0.8 

+46 259 0.8 0.8 0.2 0.8 

e) See footnotes for Table A-IV 



TABLE A-VII 

DERIVED LINESHAPE PARAMETERS65 OF TRIMETHYLCHLORO-
GERMANE; M-Cl STRETCH (v7) 

96 

Tempa M2(iso)k x.
 c'd Liso T . c,d lams T d Lm 

T a Tph 

-10 71. 1.2 1.3 0.5 5.5 

+01 89 1.0 0.7 0.5 5.5 

+09 92 1.0 0.6 0.5 5.5 

+22 124 1.1 0.9 0.3 5.6 

+ 36 91 1.1 1.6 0.4 5.6 

+4 8 92 1.1 1.4 0.4 5.7 

+6 3 102 1.1 0.9 0.4 5.8 

+ 79 103 0.9 0.6 0.5 5.9 

+93 105 0.9 0.6 0.8 6.0 

e) See footnotes for Table A-IV 



TABLE A-VIII 

DERIVED LINESHAPE PARAMETERS0 OF TRIMETHYLCHLORO-
GERMANE; M-C3 STRETCH (v6) 

97 

Tempa M2(iso)k c,d 
Tiso 

c,d 
Tanis 

d 
Tm 

d 
Tph 

-10 70 1.2 1.1 0.6 2.6 

+01 73 1.2 0.9 0.6 2.6 

+09 65 1.2 

00 • 
0
 1.0 2.6 

+22 80 1.3 1.0 0.4 2.6 

+36 74 1.1 0.8 0.8 2.7 

+48 j 72 1.1. O
 

• 00
 

1.0 2.7 

+63 76 1.0 0.8 1.0 2.7 

+ 79 87 1.0 0.8 0.9 2.8 

+93 82 0.9 0.7 1.0 2.8 

e) See footnotes for Table A-IV 



TABLE] A-IX 

DERIVED LINESHAPE PARAMETERS® OF TRIMETHYLCHLORO-
GERMANE; CH3 BEND (V4) 

98 

Tempa M2(iso)
b 

T. C ' d 

LlSO 
T • C ' d 

lams 
T m

d 
Lm 

T d 
Tph 

-10 41 1.7 1.2 0.6 0.4 

+01 52 2.4 1.4 0.3 0.4 

+09 82 0.8 1.2 1.0 0.4 

+22 81 0.8 1.2 1.0 0.4 

+36 31 1.8 1.8 0.9 0.4 

+48 40 1.8 1.3 0.5 0.4 

+63 50 1.7 1.8 0.4 0.4 

+ 79 57 1.9 2.8 0.3 0.4 

+93 57 1.9 1.4 0.3 0.4 

e) See footnotes for Table A-IV 



TABLE A-X 

DERIVED LINESHAPE PARAMETERS® OF TRIMETHYLCHLORO-
GERMANE; CH3 STRETCH (V2) 

99 

Tempa M2(iso)k t • c, d LlSO T . c ,d lanis T d Lm 
T ud lph 

-10 157 1.0 

O
 • 

I
-1
 0.3 0.5 

+01 174 0.8 0.5 0.4 0.5 

+09 225 0.6 0.4 0.5 0.5 

+22 167 1.0 1.2 0.2 0.5 

+ 36 176 0.9 0.5 0.2 0.5 

+48 214 0.9 0.6 0.2 0.6 

+6 3 198 0.9 0.6 0.2 0.6 

+79 206 0.9 0.6 0.2 0.6 

+93 192 0.9 0.5 0.2 0.6 

e) See footnotes for Table A-IV 



TABLE A-XI 

DERIVED LINESHAPE PARAMETERS6 OF TRIMETHLYCHLORO-
S TANNANE; M- C1 S TRE TCH (V 7) 
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Tempa M2(iso)k T . c, d Liso T . c/d 

•anis x d Lm 
_ d Tph 

+ 43 399 0.4 0.3 1.0 4.5 

+ 50 480 0.3 0.3 1.0 4.5 

+ 59 408 0.4 0.4 1.0 4.6 

+ 69 373 0.4 0.3 0.8 4.6 

+ 78 391 0.4 0.4 0.6 4.7 

+ 97 336 0.4 0.5 0.7 4.8 

+128 326 0.4 0.4 0.8 5.0 

e) See footnotes for Table A-IV 



TABLE A-XII 

DERIVED LINESHAPE PARAMETERS*2 OF TRIMETHYLCHLORO-
STANNANE; M-C3STRETCH (V6) 

101 

Tempa M2(iso)k T . C ' d 

Liso 
c ,d 

Tanis T d 
Tra 

Tphd 

+ 43 89 1.5 1.6 0.2 1.9 

+ 50 84 1.5 1.5 0.2 1.9 

+ 59 95 1.5 1.4 0.2 1.9 

+ 69 86 1.4 1.4 0.2 1.9 

+ 78 106 1.6 1.2 0.2 1.9 

+ 97 101 1.4 1.2 0.2 2.0 

+128 113 1.2 1.2 0.2 2 . ! 

e) See footnotes for Table A-IV 



TABLE A-XIII 

DERIVED LINESHAPE PARAMETERS® OF TRIMETHYLCHLORO-
STANNANE; CH3 BEND (v4) 

102 

Tempa M2(iso)k T . C ' d 

I S O 
T . c ' d 

anis 
x d 
Lm T

 d 
ph 

+ 43 43 2.0 1.7 0.4 0.3 

+ 50 58 1.9 1.6 0.3 0.3 

+ 59 38 2.0 1.5 0.5 0.3 

+ 69 48 2.0 1.6 0.3 0.3 

+ 78 54 1.8 1.1 0.3 0.3 

+ 97 42 1.8 1.0 0.5 0.3 

+128 73 1.9 1.1 0 . 2 0.3 

e) See footnotes for Table A-IV 



TABLE A-XIV 

DERIVED LINESHAPE PARAMETERS® OF TRIMETHYLCHLORO-
STANNANE; CH3 STRETCH (v2) 

103 

Tempa M2(iso)k x. c,a Tiso 
T . c,d Tanis 

_ d 
Tm 

Tph d 

+ 43 494 0.4 0.4 0.3 0.4 

+ 50 483 0.4 0.2 0.5 0.4 

+ 59 561 0.4 0.3 0.4 0.4 

+ 69 460 0.4 0.4 0.4 0.4 

+ 78 444 0.4 0.4 0.4 0.4 

+ 97 564 0.4 0.4 0.3 0.4 

+128 586 0.4 0.5 0.2 0.5 

e) See footnotes for Table A-IV 
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