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Abstract 

The mechanisms for vibrational linewidth broadening in liquids are 

investigated using the temperature dependence of coherent picosecond Stokes 

scattering. Both rapidly varying repulsive and slowly varying attractive 

intermolecular forces are deterrninedto cause significant liñewidth broadening. 

The liquid's local number density distribution width is shown to play an 

important role in inhomogeneous linewidth broadening. This is in agreement 

with both the model of George, Auweterand Harris and the recent theory 

by Schweizer and Chandler. 



tnt roduct ion 

The mechanisms for vibrational linewidth broadening In 

liquids have been actively investigated in recent years. Very 

recently, based on some intriguing experimental investigations, a 

new picture has started to emerge. The central theme is that 

vibrational linewidths in liquids are broadened by two types of 

forces: rapidly varying repulsive forces and slowly varying 

attractive intermolecular forces. 

The rapidly and slowly varying intermolecular forces in 

liquids are distinguishable because their timescales are 

separable. Rapidly varying repulsive forces -are thought to be 

associated with short range hard. core potentials and collisional 

interactions with timescales of < 1 x 10 13  seconds. In 

contrast, slowly varying attractive intermolecular forces are• 

proposed to he associated with longer range multipole 

intermolecular potentials and density fluctuations with 

timescales of > 5 x 1012  seconds. Because of the timescales and 

frequencies thought to be involved, rapidly varying repulsive 

forces give rise tohomogeneous broadening, whereas slowly 

varying attractive forces lead to inhomogeneous broadening. 

The isotropic spontaneous Raman lineshape is a convolution 

of both homogeneous and inhomogeneous lineshapes and can not make 

a clear separation between rapidly varying repulsive forces and 

slowly varying attractive forces. Thus, spontaneous Raman 
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investigations leave unanswered many fundamental questions. What 

part of the intermolecular potential is most important for 

vibrational linewidth broadening? In addition, how does the 

effect of the intermolecular potential on the vibrational 

linewidths change as a function of macroscopic parameters? These 

questions will be addressed using picosecond techniques which can 

separate the effects of the rapidly varying and slowly varying 

intermolecular forces. 

Background 

Recent experiments have illustrated the effect of both 

rapidly varying repulsive and slowly varying attractive forces on 

vibrational linewidths. Schindler and Jonas have observed 

remarkably different behaviors for the C-CH 3  and C=CH 2  stretching 

vibrational linewidths in liquid isobütylene using density, 

temperature and solvent dependent spontaneous Raman 

studies(1,2). In order to explain the different behavior in 

isobutylene, they proposed that the C-CH 3  stretching vibration is 

dominated by repulsive intermolecular forces, whereas the CCH 2  

stretching vibration is dominated by attractive intermolecular 

forces. For othér vibrational lines, however, there may be much 

more competition between the repulsive and attractive forces, 

which would make a clear separation of the forces' effects much 

more difficult. 

In previous investigations, George, Auweter and Harris(3,4) 
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have displayed the separation of rapidly and slowly varying 

forces for the same vibration using the combination of picosecond 

vibrational dephasing experiments and isotropic spontaneous Raman 

investigations. Using selective coherent picosecond Stokes 

scattering(5,6'), homogeneous linewidths of symmetric CH 3 -

stretching vibrations were extracted from vibrational line shapes 

which, were both.homogeneously and inhomogeneously broadened. By 

deconvoluting the homogeneous linewidths from the isotropic Raman 

linewidths, inhomogeneous linewidths were determined. This 

investigation demonstrated that inhomogeneous broadening plays a 

significant role in linewidth broadening for symmetric CH 3 -

stretching vibrations. Moreover, a correlation was observed 

between the inhomogeneous broadening and the number density 

distribution widths in the liquids(3). 

Recent theoretical work by Schweizer and Chandler has 

addressed., the effects of rapidly varying 'repulsive •and slowly 

varying attractive forces on vibrational frequencies and 

linewidt.hs(7). The Schweizer-Chandler theory incorporates many 

ideas presented in earlier infrared(8), spontaneous Raman(1,2,9) 

and picosecond(3) experimental studies and theoretical(10,11) 

investigations. They identify rapidly varying forces with 

collisional hard-core repulsive interactions between a vibration. 

and its nearest 'neighbors.and the slowly varying forces with 

multipole (dispersion or dipole-dipole) attractive interactions 

b,etween the vibration and the surrounding local number density. 

The theory predicts, that both rapidly varying repulsive and 

slowly varying attractive force,s play a significant role in 
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determining the isotropic Raman linewidths in liquids. As a 

result, changes in the Raman linéshape with temperature and 

density are the net result of competing changes in the 

homogeneous and inhomogeneous portions of the lineshape. 

Focusing on Isothermal density dependent data, Schweizer and 

Chandler found that their theory was in good agreemefit with 

Schindler and Jonas's isobutylene data(1,2) as well as other 

spontaneous Raman data. Unfortunately, Raman experiments can not 

directly determine the relative contributions of rapidly varying 

and slowly varying intermolecular forces, because the Raman line 

shape is a convolution of both homogeneous and inhomogeneous line 

shapes. Only a combination of picosecond vibrational dephasing 

experiments and isotropic spontaneous Raman Investigations can 

directly separate the effects of rapidly' varying repulsive and 

slowly varying attractive intermolecular f'orces. 

In order to provide an additional test of the Schweizer-

Chandler theory, we have evaluated the picosecond data for the 

observed inhomogeneous broadening of symmetric CH 37stretching 

vibrations in terms of theSchweizer-Chandler theoretical 

predictions. We have also compared this correlation with the 

original correlation for the inhomgeneous linewidths and the 

local liquid number density distribution observed by George, 

Auweter and Harrls(3). In addition, we have examined the 

temperature dependence of the homogeneous and inhomogeneous 

broadening of the symmetric CH 3 -stretching vibration in 

acetonitrile and have compared our inhomogeneous broadening 

results to the Schweizer-Chandler and George-Auweter-Harris 
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predictions and our homogeneous broadening results to the various 

homogeneous, broadening mechanisms. This is the first picosecond 

examination of the temperature dependence of homogeneous and 

inhomogeneous vibrational linewidths. 

Inhomogeneous Linewidth 

The Schweizer-Chandler inhomogeneous linewidthresulting 

from slowly varying attractive forces is given by(7): 

L WA 	OC 	 TT 	 (1) 

where <A > is the attractive force gas-to-liquid shift, N is the 

number of nearest neighbors, 	"is the number density, kB  is 

Boltzmann's constant, T is temperature and 1<Tis the isothermal 

compressibility. 

George, Auweter and Harris(3) previously suggested a nearly 

identical result based on an experimental investigation of 

inhomogeneous broadening of symmetric CH 3 -stretching vibrations 

in various liquids at room temperature. In that study, they 

proposed: 

LWA 	 (2) 

i.e. the inhomogeneous iinewidth is proportionalto the llquid'.s 

local number density' distribution width. 



The major difference between the two mechanisms is that the 

Schweizer-Chandler mechanism includes the attractive, force gas-

to-liquid frequency shift, <J2A >, which is a measure of the 

vibration's response to the slow varying attractive forces of the 

surrounding liquid density. Therefore, the resulting 

inhomogeneous linewidth is effectively a product of both the 

local number density distribution width and <J2A>, the strength 

of the vibration's response to the surrounding liquid density. 

In order to evaluate the importance of <Jl'A> in the Schweizer-

Chandler theory, we first evaluated <JLA> and then attempted to 

correlate the experimental inhomogeneous broadening data with the 

inhomogeneous linewidth predicted by Schwelzer-Chandler theory. 

Evaluation of <J).> 

According to the Schwéizer-Chandler theory(7), <ftA> is 

derived from <Si > 	the experimentally observed gas-to-liquid 
exp 

frequency shift and <.fl>, the repulsive force frequency shift: 

R> 	 (3) 

Experimentally observed gas-to-liquid shifts, <fl >exp  f o r 
the symmetric CH 3 -stretching vibrations studied in our previous 

investigation are given in Table 1. The repulsive force , 

frequency shift on a single bond, <J2>., is calculated 
theoretically by: 	 , 
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= 	rFR> 	 (4) 

where dr is the effective bond length change and < FR> is the 

solvent's repulsive force along the vibration's bond. 

<F>, the solvent's repulsive force. along the' vibration's 

bond is based on y*(r),  the two point cavity 'distribution 

function for a solute diatomic dissolved in a hard sphere 

solvent(12,13) and is given by: 

kBT 	h yfr) 	. 

where'r is the vibrational coordinate. The two point cavity 

distribution function, y*(r), as given by Pratt(12) is defined 

by Q, the hard core diameter of the solute, Q , the hard core 

diameter of the s'olvent, F°3 the packing fraction, and r 0 , the 

diatomic bond length. Following the treatment of the C-H stretch 

in chloroform(7), the C-H bond was modeled as a solute 

homonuclear diatomic with a bond length, r 0 =1.09 R and a hard 

sphere diameter, 	=3.0 R. Values for , the hard core diameter 

of the solvent, were previously derived(3'). Values for the 

number density, p , were calculated from previously listed 

liquid densities at 25 °  C(3).; Values for 	_ln y*(r) 'were 

calculated using the polynomial expression for, y*(r) and 

numerical tables for the coefficients of the polynomial which 

have been published(12). The resultant values for <Fjç> are 
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listed in Table 1. 

< F > is the repulsive solvent force along the bond of a 

single C-H stretch. Likewise,r is the corresponding effective 

bond length change for the same single C-H stretch. In order to 

easily evaluate <fl.R>, the repulsive fOrce frequency shift for a 

methyl group, the methyl group is converted to an equivalent 

diatomic by projecting. the forces onto the methyl group's C3 v  

axis(14). Therefore, the repulsive solvent force and repulsive 

frequency shift on the equivalent diatomic for a methyl group are 

given by: 

FR> 	= 	3 co5 X <FR> 	 () 

3 Lir Q5 0< 	 (7) 

where cos c< =  

The effective diatomic bond length change, A r, is defined 

as(15): 
a 

= 	r,-r00 	4-  

4L 

where r is the diatomic vibrational coordinate and L, the 

effective range of the repulsive interaction, is given by 

L= tT /17.5, where f is the molecular hard core 

2 	1 
diameter(16,17). Expectation values for r 11 -r 00  and r 11 -r 00  have 

been previously derived(18) and are given by: 
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r11 -r00 	= 	- 
	3$I(i 	 (q) 

hi 	r00 	- 	 jit 'Jo 

where K 111  is the anharmonic force constant, 	= h /211 

where h is Planck's constant, 1A. is the reduced mass, 

and 	(A)0 = 211 'J 	where 00  is the vibration frequency. 

In order to evaluate fA. 	the reduced mass of the equivalent 

diatomic representing a methyl group, the masses are projected 

onto the methyl group's C 3 ., axis. Thus, the reduced mass of the 

equivalent diatoinic for .a methyl group is given by: 

3 rnr 	CO5°( 	
(I') 

* 
Overend(19) has determined the anharmonicity force constant 

for a symmetric CH 3 -stretching vibration(20). Values for V. the 

vibrational frequencies, were previously determined(3). The 

derived L r values, the calculated <Q.R> values, the measured 

<_12 > 	values and the resultant values for 	are given in 

Table 1., 

Using the calculated <J2.A> values, the Schweizer-Chandler 

inhomogeneous broadening factors,. <JA>{1c7 , were 

determined. 	N was assumed to be constant at N =6 (7). 

Isothermal compressibility values were previously calculated 

using a liquid hard core model(3). 

Using the derived <A 	 values, the predicted 

Schweizer-Chandler inhomogeneous broadening factors were compared 
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with observed inhomogeneous broadening linewidths in Figure -  2. 

This correlation should be contrasted with the correlation 

between the liquid's local .number density distribution and the 

observed inhornogeneous broadening linewidths previously 

demonstrated by George, Auweter and Harris(3) and shown in 

Figure 1. 

- - 
	 Close inspection reveals that the inclusion of <J1A.> has an 

effect, and improves the correlation for the small molecules. 

For the large less spherical molecules, the correlation is not 

significantly Improved. This is not surprising because the-

Schweizer-Chandler model does not account for the exact shape of 

the molecule. In addition, the number of nearest neighbors, 

was held constant in this correlation. This parameter may vary 

for different solvents and may be sensitive to the exact details 

of, the solute-solvent interaction, which may be more complex for 

the larger molecules. 	 - 

The improved correlation between the Schweizer-Chandler 

inhomogeneous broadening factor and the observed inhomogeneous 

broadening linewidth supports the idea that <.S.A>, the strength 

of the vibration's response to the surrounding density, 

contributes to inhomogeneous broadening. The similarities 

between Figure 1 and Figure 2 demonstrate, however, that the 

liquid's local number density distribution width plays a more 

important role In the inhomogeneous broadening of symmetric 

CH 3 -stretching vibrational linewidths. 
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Temperature-Dependent Linewidths in Acetonitrile 

In order to. test the existing theories, for both homogeneous 

and inhomogeneous broadening in liquids, we measured vibrational 

dephasing times of the symmetric CH 3 -stretching vibration in 

acetonitrile as a function àf temperature and used these 

dephasing times to determine the homogeneous llnewidths(21). By 

deéonvoluting the experimentally measured homogeneous linewidths 

from the isotropic Raman line shapes(3) , we also determined the 

inhomogeneous broadening linewidths as a function of temperature. 

Acetonitrile was selected because the symmetric CH 3 -

strechiñg vibration in acetonitrile has a relatively long 

vibrational dephasing time(3), and has been subjected to numerous 

solvent, density and temperaturedependent spontaneous Raman 

investigations(9,22,23). 	In addition, because acetonitrile's 

lowest vibrational frequency is 362 cm 1 (24), dephasing by energy 

exchange perturbations(25) is not expected in the temperature 

range studied. 

The temperature dependent homogeneous and inhomogeneous 

linewidths are displayed in Figure 3. Temperature-dependent 

homogeneous linewidth predictions from Lynden-Bell(26), 

hydrodynamic(10) and binary collision(16) vibrational dephasing 

theories are also shown in Figure 3a(21). Homogeneous linewidths 

predicted by these theories were normalized to give the 

experimentally observed homogeneous linewidth at 18 0C. These 

theories agree quite well with our temperature dependent data 
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except at 70 0 C. 

The homogeneous linewidths from -40 0 C to 45 0 C.display the 

predicted qualitative dependence with temperature. The 

homogeneous linewidth increases as the temperature decreases, 

because the density and viscosity both increase.. This increases 

the rate and magnitude of hard core repulsive.. intermolecular 

interactions, which leads to a shorter vibrational dephasing time 

and a wider homogeneous linewidth(21). 	 .. . 

Temperature dependent inhomogeneous linewidths. predicted by 

George-Auweter-Harris(3) and Schweizer-Chandler(7) tnhomogeneous 

broadening mechanisms are shown in Fig. 3b. Inhomogeneous 

linewidths predicted by these mechanisms were normalized to give 

the experimentally observed inhoinogeneous linewidth at .18 °  C. 

Experimental isothermal compressibilities from -30 °  C to 40 °  C 

were obtained from Wurfllnger(27) based on recent PVT studies of 

acetonitrile(28). A hard sphere model for isothermal 

compressibility(29) was fit to this data using 	 = 4.27 

at -40 °  C and dcr/dT = 0.4 i io 	/ deg (30). The isothermal 

compressibilities at -40 °  C, 45 °  C, and 70 °  C were then 

determined using the hard sphere model.. Values for thenumber 

density, P , were calculated from previously measured temperature 

dependent liquid densities(31-34). .<J7> was calculated using 

the same 	values which optimized the hard sphere model fit to 

the experimental isothermal compressibility data. The parameters 

used to evaluate <j2A>are  given in Table 2. The isothermal 

compressibilities and inhomogeneous broadening linewidths 

predicted by George-Auweter-Harris and Schweizer-Chandler 
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mechanisms are given in Table 3. 

Both of these inhomogeneous broadening theories give 

approximately the same temperature dependent Inhoinogeneous 

linewidths predictions. The nearly. identical predictions occur 

because <..J1A> in the Schweizer-Chandler theory changes only 

slightly with temperature(35). Therefore, local number densfty 

distribution terms are the dominant terms in both predictions, 

and these terms are almost identical. 

The inhomogeneous linewidths from _40 0  C to 45 °  C display 

the predicted qualitative dependence with temperature. The 

inhoinogeneous llnewidth decreases as the temperature decreases 

because the density increases. This decreases the free volume in 

the liquid, lowers the isothermal compressibility and narrows the 

range of local number densities. 

This behavior for the homogeneous and inhomogeneous 

linewidths is in striking contrast to the isotropic spontaneous 

Raman linewidth, which is nearly invariant with changing 

temperature at atmospheric pressure(23,36). This observation is 

consistent with the Schweizer-Chandler theory for spontaneous 

Raman vibrational linewidth broadening because the rapidly 

11 	 varying and slowly varying attractive forces both significantly 

affect the isotropic Raman linewidth and have opposing effects as 

a function of density and temperature. Thus, the rapidly varying 

and slowly varying forces have balancing effects which obscure 

the exact temperature dependent changes in the homogeneous and 

inhomogeneous linewidths. 

At 70 0C, both the homogeneous and inhomogeneous vibrational 
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linewidths deviate from theoretical predictions. We believe this 

deviation of both the homogeneous and inhomogeneous linecidths 

arises from rapid conversion between various vibrational 

environments in the inhomogeneous frequency distribution. This 

rapid conversion is only a problem at high temperatures when 

translational diffusion constants are also large(37). 	If this 

interpretation is correct, the deviation from theoretical 

predictions may be the first observation of molecular environment 

interconversion or "spectral diffusion" in a liquid. 
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Conclusion 

Picosecond vibrational dephasing experiments, isotropic 

Raman investigations and theoretical studies indicate that both 

rapidly varying repulsive and slowly varying attractive forces 

p1ay significant ro1es in vibrational linewidth broadening. We 

have shownthat inhomogeneous linewidths for symmetric CH 3 -

stretching vibrations support the idea that inhomogeneous 

broadening is largely determined by attractive forces from 

surrounding local number densities. Thus, the magnitude of the 

attractive interactions and the number density distribution width 

in a liquid gives rise to the inhomogeneous broadening linewidths 

observed. 

We have demonstrated that rapidly varying and slowly varying 

intermolecular forces change significantly as a function of 

temperature In acetonitrile even though the isotropic Raman 

linewidth is relatively invariant. This illustrates that the 

rapidly varying and slowly varying forces have opposing and 

balancing effects)  on the isotropic Raman linewidth, which obscure 

the exact temperature dependent changes in the homogeneous and 

Inhomogeneous llnewidths. A combination of picosecond 

vibrational dephasing experiments and isotropic Raman 

investigations is needed to separate the effects of the rapidly 

varying repulsive and slowly varying attractive intermolecular 

forces. 
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Table 2 

f3md, 

T( ° C) <" TI 

-40 0.966 431.9 +17.5 -11.9 -29.4 

-10 0.922 424.0 +17.2 -11.6 -28.7 

18 0.881 409.1 +16.6 -11.0 -27.6 

45 0.849 400.8 +16.2 -10.7 -26.9 

70 0.812 383.1 +15.5 -10.4 -25.9 
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• -- 

-40 

-10 

18 

45 

70 

George-Auweter-Harris Schweize r-Chandler 
Iñhomogeneous 

Linewidth_FWHM(cn) 
Irihomogeneous 

Linewidth FWHMJc!) 

0.749 4.11 4.22 

0.932 4.68 4.79 

1.110 5.18 5.18 

1.330 5.75 5.70 

1.660 6.43 6.25 
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Figure Captions 

Figure 1: Graph of the inhomogeneous broadening linewidths 

versus theliquid's local number density distribution widths. 

(Data from ref. 3.) 

Figure 2: Graph of the inhomogeneous broadening linewidths 

versus the Schweizer-Chandler predictions. (Data from ref. 3, 

predictions from Table 1.) 

Figure 3: Homogeneous and inhomogeneous linewidths in liquid 

acetonitrile from -40 0 C to + 70 ° C. a) Comparison of experimental 

homogeneous linewidths and theoretical predictions versus 

temperature. b) Comparison of experimental inhomogeneous 

linewidths and theoretical predictions versus temperature. 
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