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Methyl red diffusion in polymer solutions was studied by a transient holographic method, forced Rayleigh scattering. 

In semi-dilute solutions of a polystyrene, where no specific interaction with the probe exists, we found within experi­

mental uncertainty that the retardation of diffusion rate of methyl red is independent of the solvents used. This 

indicates that the hydrodynamic interaction in polymer coils is not affected by the nature of solvents enough to 

exhibit a detectable change in the diffusion rate of the probe. On the other hand, a substantial reduction of diffusion 

rate was observed in poly (methyl methacrylate) solutions in toluene. Together with the similar observation reported 

with poly (vinyl acetate), it is confirmed that hydrogen bond between the probe and the polymer is responsible 

for the retarded diffusion. The decay-growth-decay profile found in this system reveals a finite difference in diffusion 

coefficients of cis and trans isomer of methyl red. We estimate the difference and suggest that the cis isomer interacts 

with the polymer more strongly than the trans isomer.

Introduction

The study of probe diffusion in polymer solutions and pol­

ymer gels provides basic knowledges regarding the molecular 

sieving process which constitutes the basis of many applica­

tions in material separation process such as gel filtration, 

separation membrane etc. The diffusion of probes through 

mesh like structure of polymer chains are known to be in­

fluenced by the size of diffusant and polymer concentration 

for a given polymer solution system. It is generally believed 

that a stretched exponential form can describe the diffusion 

behavior,
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D/Do= exp (、-R cv) (1)

where R the size parameter of the probe, c the concentration 

of polymers and v is the characteristic exponent of the sys­

tem.1^3. According to the scaling theory,4,5 the exponent, v 

is related to the hydrodynamic screening length of polymer 

matrix and is in the range of 1/2 to 1 depending on the 

solvent quality.6 It was confirmed that Eq. (1) works reason­

ably well for a good solvent system.1 However, a systematic 

study with varying solvent quality is yet to be attempted 

and deviations from above prediction have been reported.2,7 

Therefore it cannot be said that Eq. (1) has been fully tested. 

Furthermore, when a specific interaction between the probe 

and the polymer backbone exists, one may not expect that 

Eq. (1) still holds. For an example, it was reported some 

years ago that the diffusion rate of methyl red (MR) was 

much lower in toluene solution of poly (vinyl acetate) (PVAc) 

than that of polystyrene (PS).8 The hydrogen bonding bet­

ween MR and PVAc was suggested to be responsible for 

the retarded diffusion.

In this study, we measured the MR diffusion in semidilute 

polystyrene and poly (methyl methacrylate) (PMMA) 용ohi- 

tions to examine the forementioned problems. We used for­

ced Rayleigh scattering (FRS) which is an optical technique 

to measure tracer diffusion suitable for this purpose.1,2,8 ~11 

The technique requires a photoresponsive probe which chan­

ges own optical properties upon absorption of writing beams. 

Azobenzene derivatives such as methyl red, which have been 

widely used for FRS, is known to undergo trans to cis pho­

toisomerization upon absorption of the light which causes 

w-n*  transition of the lone pair electrons.12,13 Crossing two 

coherent laser beams (writing beam) as the specimen creates 

a periodic optical fringe pattern which gives rise to a periodic 

concentration profile of optically shifted state of the probe. 

The concentration fringe pattern in turn acts as an optical 

grating to diffract the second (reading) beam. In order to 

induce the diffraction of the reading beam, the shifted state 

should possess different optical properties from unshifted 

state of the probe either in absorptivity or in refractive index 

which are called as amplitude and phase grating, respec­

tively.14-16 Azobenzene derivatives, having a negligible absor­

ptivity at the typical reading beam wavelength of 632.8 nm, 

should form almost a pure phase grating. Diffracted reading 

beam decays with time due to the diffusion as well as the 

spontaneous thermal reconversion of the shifted state of the 

probe and one can determine the diffusion coefficient and 

the shifted state life-time from an appropriate analysis of 

decay profile.

Experimental

Materials. Solvents used in this study, toluene, CCl4t 

tetrahydrofuran (THF), 2-butanone and ethyl acetate, were 

all reagent grades (Aldrich) and further purified by fractional 

distillation after drying with proper agents. Methyl red was 

used as received from Aldrich. Probe dye concentration was 

0.1 to 0.5 mg/m/ and it was confirmed that the measured 

diffusion coefficients do not show any concentration depen­

dence at this concentration range.

Used polystyrene was prepared in this laboratory by anio­

nic polymerization. Its weight average molecular weight and

Figure 1. Schematic Diagram of FRS apparatus. S: electronic 

shutter, BS: beam splitter, Mb M2, M3t RM: mirrors, PM: photo­

multiplier tube.

MJMn were determined by gel permeation chromatography 

as 660 K (dalton) and 1.09, respectively. A poly (vinyl acetate) 

and two poly (methyl methacrylate) were obtained from Al­

drich and their detailed molecular characteristics were not 

provided. GPC analysis with repect to polystyrene standards 

yields Mw and Mw/Mn of 85.6 K, 1.13 for PVAc and 736 K, 

6.75 for high molecular weight PMMA, 75.5 K, 1.98 for me­

dium molecular weight PMMA, respectively.

Solutions of respective polymers were prepared by gravi­

metrical ly and converted to volume fractions from the den­

sity of the materials. Prepared polymer solutions with methyl 

red were filtered through 0.45 卩m pore PTFE membrane 

filters (Gelman) directly to spectroscopic cuvettes for FRS 

measurements.

Methods. Forced Rayleigh scattering instrument was 

built in this laboratory and its schematic diagram is shown 

in Figure 1. The 488 nm line of an Ar ion laser (Coherent, 

Model 90-3) and an electronic shutter (Uniblitz, LS2) is used 

to generate a short pulse of the writing beams which cross 

at the sample cell. A He/Ne laser (Melies Griot, 5 mW) pro­

vides the 632.8 nm wavelength reading beam which conti­

nuously illuminates the spot where writing beams cross each 

other. Intensity of the He/Ne laser was controlled by in용 

ting neutral density filters, if necessary. The diffract은d light 

was detected by a photomultiplier tube (Hamamatsu, R-928). 

Triggering of the shutter and the subsequent data acquisition 

are carried out by an IBM AT compatible personal computer 

through an interface board (Data Translation, DT2821-F-8DI) 

with a maximum throughput rate of 150 kHz. Spectroscopic 

cuvettes (1, 2 or 5 mm pathlength) were used as sample 

cells and the temperature of the cell was controlled at 25.0± 

O.lt. Although we found no pathlength dependence of diffu­

sion coefficients under our experimental condition, a longer 

pathlength cell was preferred since a similar quality of signal 

can be achieved at a lower probe concentration.

Decay profile of diffracted intensity showing single ex-
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Figure 2. A typical FRS profile of methyl red in polystyrene 

/THF solution. In upper plot, circles represent the experimental 

result and the solid line is the best fit result according to Eq. 

(2). Random residuals from fitting shown in the lower plot toge­

ther with the small value of root-mean-square residuals illustrate 

the quality of the fit. Experimental conditions, volume fraction, 

4>, crossing angle, & and grating spacing, d are shown in the 

plot as well as the determined decay time constant, r.

ponential form was analyzed by fitting to the model function17

10= B exp (2)

where A the amplitude of the diffracted optical field, r the 

decay time constant of the concentration grating, 8湖 the 

coherent background, and Binc is the incoherent background. 

Decay time constants were determined at a number of fringe 

spacing, d—\l[2 sin (0/2)] where 0 is the crossing angle of 

the writing beams. Tracer diffusion coefficient was obtained 

from the slope of the 1/r vs. 4n2/J2 plot according to the 

illation,”

1/r = 1/xnfe+4n2Z)/rf2 (3)

where w，is the spontaneous thermal reconversion life-time 

for the shifted state. When decay-growth-decay type signal 

(see next section) was observed, it was analyzed by fitting 

to18

赤(£)=[& exp(-f/Ti)-A2 exp(-〃w)了+B ⑷

where ri and r2 are decay time constants of two complemen­

tary gratings, B the baseline, and Ai and A2 represent the 

amplitude of optical fields diffracted from individual comple­

mentary gratings. Here, we neglected the coherent backg-

Figure 3. Grating spacing dependence of decay time constants. 

Diffusion coefficients are extracted from the slope of the least 

square fit line according to Eq. (3). Different symbols represent 

the polystyrene volume fraction in 2-butanone solution. O: 0.013, 

O: 0.024, △: 0.035.

round since it was found to yield more reproducible fitting 

results and its contribution was small for optically clear sam­

ples. We found that thus determined ri and r2 fluctuate de­

pending on initial guess of the parameters for regression 

analysis, about ± 15% in the worst case, but their mean va­

lues are quite reproducible as reported by others.818 There­

fore, we can not obtain the individual diffusion coefficient 

with accuracy unless other parameters are known, however, 

the use of mean values can be justified since they are repro­

ducible and the diffusion coefficients of cis and trans azoben­

zene do not differ much.19

Results and Discussion

In Figure 2 is shown a typical FRS signal measured in 

polystyrene solution. The solid line in the plot represents 

the fitting result according to Eq. (2). It is evident from the 

residual plot that the single exponential model function fits 

the experimental data well. In most of the cases, the contri­

bution of coherent baseline was found to be very small which 

justifies our neglect of Bcoh in Eq. (4) for the decay-growth- 

decay profile to be illustrated later. Since there was a report 

for the possible association of the probe dye upon photoexci­

tation,20 we examined the decay time constant at various 

laser intensity. At very high laser intensity, we observed 

an anomalous rising profile of FRS signal, but the decay 

time constant remains practically unchanged.

Decay time constant of diffracted optical field was measu­

red at a number of different grating spacings and the tracer 

diffusion coefficient was determined from the plot according 

to Eq. (3) as shown in Figure 3. In the plot, the data taken 

at three different polystyrene concentrations were shown. 

It is clearly seen that the slope representing the diffusion 

coefficient of MR decreases with polymer concentration. Also 

the intercepts hit the origin within experimental uncertainty, 

which means that the life-time of the cis state of methyl 

red i옹 much longer than the decay time constant of concen­

tration grating by diffusion. In Figure 4, the diffusion coeffi­

cients of methyl red are plotted against the volume fraction 

of the polymer, 0 in 5 different solvents. The diffusion coeffi­

cients, D are normalized by the diffusion coefficient mea동
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Figure 4. Diffusion coefficients of methyl red, normalized by 

the diffusion coefficient in pure solvent, D/D„ are pl야ted as a 

function of polymer volume fraction. The group of symbols con­

sisting the upper line are from polystyrene solution in 5 different 

solvents. O: THF, □: toluene, △: CCU O： 2-butanone, ☆: ethyl 

acetate. Other symbols are from toluene solutions of PMMA and 

PVAc. +: PVAc, X: medium mol. wt. PMMA, X: high mol. wt. 

PMMA. Solid lines are drawn for visual aid.

red in pure solvents, Do. Although the solvent property of 

these 5 solvents varies much, all data points form a single 

line within experimental uncertainty (typically ~ 10% in 95% 

confidence limit from the least square analysis such as 

shown in Figure 3) regardless of the solvent used. Therefore 

there is no strong solvent effect enough to be isolated under 

this experimental condition. However, it is premature to 

claim the absence of the solvent dependence with this expe­

riment alone since the dependence of diffusion coefficient 

on solvent quality56 may be too weak to be detected with 

precision. In fact, the analysis to extract v in Eq. (1) was 

not satisfactory because the variation of the diffusion coeffi­

cient is not much larger than experimental uncertainty. Ac­

cording to Eq.⑴，the increase of probe size should enhance 

the variation of D/Dot and one can get a better insight with 

a given experimental precision. Such experiment is in pro­

gress with larger probes, polystyrenes chains labeled with 

an azo dye.1

On the other hand, the FRS signal from a PMMA/toluene 

solution shows a non-single exponential decay as displayed 

in Figure 5. A similar decay-growth-decay profiles were ob­

served in PVAc/toluene system as reported before.8 The so­

lid line is the best fit result according to Eq. (4). As can 

be seen in the residual plot, the quality of the fit is not 

as good as the case of single exponential decay (Figure 2). 

Therefore, we could not obtain two independent diffusion 

coefficients with accuracy, but only report mean values as 

mentioned previously. The mean decay constants exhibit an 

excellent dependence as in Figure 6 from which the diffu­

sion coefficients are extracted. We plotted all the diffusion 

coefficients thus determined in Figure 4. Clearly the diffu­

sion of MR in PVAc or PMMA/toluene solution is greatly 

retarded by the presence of the polymers. The similar re­

tardation observed in PVAc and PMMA, which have very 

close functional group structures, convincingly supports the 

view that the slower diffusion in PVAc/toluene solution ari­

ses from hydrogen bond formation between carboxylic hy-
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Figure 5. An FRS profile of methyl red in PMMA/toluene solu­

tion and fit result according to Eq. (4).

Figure 6. Grating spacing dependence of mean decay time con­

stants. Diffusion coefficients are extracted from the slope of the 

least square fit line according to Eq. (3). Different symbols re­

present the PMMA v시ume fraction in toluene solution. O: 0.049, 

□: 0.081, a： 0.106.

drogen in MR and the carbonyl group in the polymers. It 

is interesting to note a similar extent of retardation for the 

polymers having different structure and molecular weights. 

Although the insensitiveness of probe diffusion coefficients 

to the matrix molecular weight is generally accepted for the 

cases without specific interaction Z7-21 the same can not be 

said for this case. The similar diffusion coefficients found 

in PMMA and PVAc solutions indicate that the probe/poly-
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Figure 7. In ①JD) plotted against polymer volume fraction, 

0, in double logarithmic scale. Symbols are experimental results 

in toluene solutions and the exponent v is obtained by least 

square analysis drawn as solid lines. □: polystyrene, +: PVAc, 

X： medium m이. wt. PMMA, *: high mol. wt. PMMA.

mer interaction is quite similar for PVAc and PMMA, which 

seems reasonable considering similar structure of two poly­

mers. In Figure 7 is shown a plot to extract the exponent 

v in Eq. (1). Taking a double logarithm for the ordinate de­

mands a high precision of data to render the analysis signifi­

cant Our data are somewhat scattered but show a good li­

nearity enough to yield a slope, v = 0.65± 0.07 in 95% confi­

dence limit. Therefore, it appears that the stretched exonen- 

tial form of Eq. (1) still reasonably describes the diffusion 

process in a system with specific interaction such as hydro­

gen bonding. For comparison, we showed the results from 

the polystyrene/toluene solution in the same figure. The ex­

ponent found in polystyrene/toluene solution is 0.98 ± 0.31.

The observed decay-growth-decay profile needs an ad­

ditional explanation. This behavior is generally accounted 

for as a res나It of mutual destructive interference between 

the optical fields diffracted from two complementary grat- 

ings.18-22-23 Making a sinusoidal pattern of the shifted state 

of a probe (cis state of methyl red, in this case) during the 

writing process depletes the unshifted state at the same time, 

generating a complementary pattern of the unshifted state. 

These two concentration fringes are physically 180° out of 

phase each other. Since each concentration fringe can act 

as a diffraction grating of the reading beam so that the obse­

rved signal is the difference of these two diffracted optical 

fields as represented by Eq. (4). If the decay time constants 

of two complementary gratings, 히 and t2 are not much diffe­

rent, Eq. (4) is reduced to Eq. (2). Otherwise, a deviation 

from a single exponential form takes place. Also the relative 

difference of Ai and A2 affects the signal shape, which depe­

nds on the relative absorptivity and refractive index of the 

dye to those of background. For an unslanted grating, the 

coupled-wave theory gives the diffracted optical wave E°d 

from a weak diffraction grating.1416,22

E。次[~i(An) + (Ak)J (5)

where An and Ak are the gratings peak-null differences in 

real and imaginary part of complex refractive index, respecti- 

v이y. The diffraction efficiency is given by |£脂1匕 thus

IA oc [(Am)2 + (A*) 2] (6)

where L is the incident light intensity. Eq. (5) show옹 that 

a pure absorption grating (A算=0) introduces no phase shift 

while light diffracted from a pure phase grating (A々 = 0) is 

shifted by 一 n/2. For an arbitrary grating in the weak grating 

limit, the phase shift is given by

cp-sin'H 一△氣/[(△刀)2+(心)2丁/2} (7)

This phase information is lost in the detection of diffracted 

light from a single grating by a square-law detector such 

a photomultiplier. However, the phase difference plays a role 

when the complementary grating is in effect. Therefore Eq. 

(4) should be written considering this effect that

Ut)= \EAt) • E的)I
=[& exp (一 〃勺)+& exp(-//t2) exp (i A(p)] X

[Ai exp (-〃匸D+A2 exp (-〃■匸J exp (T A(p)]+B (8)

where A(p is the phase difference between the diffracted 

waves from two complementary gratings, i.e., Aq)=n + ((pi 

—(p2). For most of az사beizen은 derivatives, absorptivity of 

the dye is very small at the reading beam wavelength of 

632.8 nm. Therefore the diffracted intensity is mainly the 

contribution of phase grating, i.e.f 그tt, which reduces Eq. 

(8) to Eq. (4) justifying our analysis scheme. We reported 

the problems associated with such complementary gratings 

through a simulation study.24

Returning to our experimental system, the double expon­

ential decays observed in PVAc or PMMA/toluene solutions 

indicate that two decay constants, 허 and r2 differ more in 

these solutions than PS solutions. Although we cannot eluci­

date this phenomenon at the moment without having detailed 

knowledge about their optical properties on hand, it is possi­

ble to give a rough estimate for the difference of xlrans (r：) 

and rns (t2) assuming the refractive index of methyl red is 

the same as that of stilbene («/raws = 1.626 and wns= 1.613).25 

This assumption is certainly a rough but an acceptable ap­

proximation since stilbene and azobenzene are isoelectronic. 

In fact, the refractive index of trans azobenzene is 1.627, 

which is very close to that of stilbene. Isolation of pure cis 

isomer of azobenzene derivatives is only reported for azoben­

zene. Nonetheless, its refractive index is not available to the 

best of our knowledge. For other derivatives like methyl red, 

pure cis form has not been isolated due to their short life­

time. From these refractive indices together with that of to­

luene (1.496), we obtained /如 ：42 = 3”球一%어蜘形) ： 3抵一为妒 

iuene) = 10 : 9. We CELiri은d out a nonlinear regression fitting 

for the same data shown in Figure 5 under the constraint 

of fixed A2/Ai at 0.9. The fit quality was similar to that in 

Figure 5 and we obtained ri=3.8 ms, r2 = 4.7 ms. The diffe­

rence in decay time constants indicates that the diffusion 

rate of cis isomer is lower than trans isomer by about 20%, 

which in turn suggests that cis isomer interacts with PMMA 

or PVAc more strongly than trans isomer. Although the qua­

ntitative amount of the difference is subject to the values 

of refractive indices of methyl red and thus questionable, 

the trend should stand firm. Cis form of azobenzene deriva­

tive is known to have two phenyl groups twisted by steric 

effect while the trans form has a coplanar struc­

ture.12,13 Therefore, the breakage of conjugated n electron 

system by trans to cis isomerization probably alters the hy­

drogen bonding capability so that cis isomer can form a more 

strong hydrogen bonding with the polymers. Although fur­
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ther studies are necessary to elucidate the observed differ­

ence, this analysis demonstrates one of the remarkable fea­

ture of FRS that one can measure a differential diffusion 

coefficient provided and A2 are known. Indeed, FRS is 

a very sensitive and versatile technique to measure tracer 

diffusion coefficient, but it is indispensable for an accurate 

interpretation of FRS data to know about the optical proper­

ties of the probe in the system of interest. It can not be 

said, however, that appropriate care has been paid so far.
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A Theoretical Study of CO Molecules on Metal Surfaces: 
Coverage Dependent Properties
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The CO molecules adsorbed on Ni(lll) surface is studied in the cluster approximation employing EH method with 

self-consistent charge iteration. The effect of CO coverage is simulated by allowing the variation of valence state 

ionization potentials of each Ni atom in model cluster according to the self-consistent charge iteration method. The 

CO coverage dependent C-0 stretching frequency shift, adsorption site conversion, and metal work function change 

are attributed to the charge transfer between metal 동urface and adsorbate. For CO/Ni(lll) system, net charge transfer 

from Ni surface to chemisorbed CO molecules makes surface Ni atoms be more positive with increasing coverage, 

and lowers Ni surface valence band. This leads to a weaker interaction between metal surface valence band and 

Co 2n*  MO, less charge transfer to a single CO molecule, and the bule shift of C-0 stretching frequency. Further 

increase of coverage induces the conversion of 3-fold site CO to lower coordination site CO as well as the blue 

shift of C-0 stretching frequency. This whole process is accompanied by the continuous increase of metal work 

function.

Introduction

One of the most extensively studied adsorbates is carbon 

monoxide. Its interaction with metal surfaces has constituted 

the model systems for molecular chemisorption for many 

years. When a CO molecule is adsorbed on a metal surface, 

the vibrational frequency coco of the intramolecular stretching 

mode exhibits substantial downward shift from its gas phase 

value at 2143 cm \ It has been widely accepted that the 

5o orbital of the CO molecule is primarily responsible for


