
Translational motion and isomerization reaction near a solid±liquid
interface studied by the interface sensitive transient grating method

Nobuhisa Nakajima, Noboru Hirota, Masahide Terazima*

Department of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606, Japan

Received 30 April 1998; received in revised form 9 July 1998; accepted 1 October 1998

Abstract

Translational diffusion and cis±trans isomerization reaction of a liquid crystal molecule (N-(4-methoxybenzylidene)-4-n-butylaniline

(MBBA)) at a solid±liquid interface were studied by the interface sensitive transient grating (TG) technique. The interface sensitivity was

achieved by the total internal re¯ection for the probe light. In all solvents we used, the fringe length dependence of the decay rate constants

of the species grating signal reveals that the diffusion constant at the interface region (49 nm) is similar to that in the bulk liquid. In some

solvents, faster decays at interface than those in the bulk phase were observed, and they are mainly attributed to the enhanced cis±trans

isomerization of MBBA at the interface. The enhancement is not sensitive to the solid surface conditions and depends on the solvents.

These facts suggest that the enhancement originates from different solvent structures near the interface from those in the bulk phase. The

isomerization rate measured in a porous glass was also increased from that in the bulk phase, which may support this suggestion. The

interface sensitive TG signal of another photochromic molecule (spiropyran) was also detected. # 1999 Elsevier Science S.A. All rights

reserved.
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1. Introduction

Recently, molecular dynamics at interfaces (solid±liquid,

liquid±liquid, gas±liquid) attract much attention experimen-

tally and theoretically because a large number of chemical or

biological reactions occur at interfaces. Due to the impor-

tance, many experimental techniques have been developed

to monitor the molecular structure, orientation and

dynamics. [1±23] For example, orientation and orientational

dynamics can be measured by the surface second harmonic

generation [2±7] or sum frequency generation methods [8].

The molecular structure can be investigated by the infrared

(IR) spectroscopy with the total internal re¯ection (TIR) [1]

or Raman scattering technique [9].

Although reaction kinetics as well as the translational

motion are very important for understanding reactions at

interfaces, only a limited number of techniques have been

developed. Diffusion of Brownian particles (latex suspen-

sion) close to a wall was studied by the light scattering

technique with the TIR condition [10±12]. The correlation

spectra were found to be very different from that in the bulk

phase and completely interpreted in terms of the wall's

re¯ection boundary [11]. One effect of the interface sensi-

tive method is the ¯uorescence recovery method after a

strong excitation by an optical interference pattern [15]. This

technique is highly sensitive, but the applicability of this

method is limited to ¯uorescent probe molecules. The

method of probing the reaction kinetics is still undeveloped.

It is required to develop another technique for fully under-

standing the molecular dynamics in the interface region.

The interface sensitive transient grating (TG) method,

which does not require a ¯uorescent probe molecule but still

has a high sensitivity can be another promising technique. A

TG method with an evanescent wave for excitation and

probe light was theoretically suggested to study the surface

diffusion and photochemical reactions [24]. Independently

we experimentally succeeded in detecting translational dif-

fusion at a solid±liquid interface for the ®rst time using the

(nearly) uniform excitation along the normal to the interface

and TIR for the probe light [25]. This condition may be

appropriate for a simple analysis. We used the photoisome-

rization reaction of a liquid crystal, N-(4-methoxybenzyli-

dene)-4-n-butylaniline (MBBA) as the probe molecule. The

preliminary results showed that decay rates of the thermal

grating and species grating signals were faster than those in

the bulk phase. In this study, we extend this research to
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clarify the translational diffusion and the isomerization

kinetics near the interface quantitatively. A model calcula-

tion reveals that the faster decay of the species grating

should be attributed to the enhanced back isomerization.

The origin of the enhanced reaction near the interface is

investigated by coating the solid surface and the solvent

dependence of the rates. We suggest that the different

solvent structure near the interface from that in the bulk

phase is the origin of the enhancement of the back isomer-

ization. The interface sensitive TG method of a photochro-

mic molecule (Spiropyran) is also measured.

2. Experimental

The setup for the interface sensitive TG measurement was

described elsewhere [25]. Brie¯y, the TG was created by the

interference pattern between two excitation beams of the

third harmonics of a Nd:YAG laser (Spectra-Physics GCR-

170-10). The pump beams were introduced from upward to a

sample, which is contained in a glass cell covered with a

sapphire prism. The time dependence of the TG signal from

the bulk phase (b-TG signal) was monitored by a probe beam

from upward with an angle which satis®ed the phase match-

ing condition. The TG signal from the interface (i-TG

signal) was monitored by another probe beam which was

brought into the crossing region from the sapphire prism side

under a TIR condition. These signals were detected by a

photomultiplier tube. Temporal pro®les of the signals were

recorded by a digital oscilloscope (Tektronix 2430A) and

averaged by a microcomputer.

The sample cell was made of a glass plate and a te¯on

sheet. The sapphire prism was washed with KOH aqueous

solution at 508C for 1 h and with nitric acid at 608C. Finally,

the prism was rinsed by 2-propanol before the experiment.

For changing the surface condition, polystyrene was used to

coat the sapphire surface. A diluted solution of the polymer

was spread on the surface and rubbed by a paper. The

thickness of the coated ®lm was measured by an elipso-

metric method. The thickness was typically �14 nm.

A porous glass plate with a mean pore radius of 4 nm was

purchased from Corning (Vycor, No. 7930). It was washed

with nitric acid at 1008C for several hours, rinsed by distilled

water and heated at 2008C for several days. MBBA and

solvents were purchased from Tokyo Kasei Co. and Nacalai

Tesque Inc., respectively. A typical concentration of MBBA

was 0.4 M.

3. Analysis

In the TG experiment, molecules in solution are excited

by the light with sinusoidally modulated intensity [25±30].

The fringe spacing � is given by �ex/2 sin(�/2) (�ex, wave-

length of the excitation light and � the crossing angle). By

the nonradiative transition from the excited states, the

thermal energy is released and it produces the thermal

grating. If the photoexcited molecules are converted to

another species, it creates the species grating. The TG signal

is proportional to the square of the refractive index change

by these processes:

ITG�t� / fdnth�t� � dns�t�g2
(1)

where dnth and dns are the peak-null difference of the

refractive index change by the thermal contribution and by

the presence (or absence) of chemical species, respectively.

3.1. The TG signal from the bulk phase (b-TG signal)

For calculating the temporal pro®le of dn, thermal and

mass diffusion equations should be solved with appropriate

boundary and initial conditions. After impulsive heating and

instantaneous chemical reactions such as trans±cis photo-

isomerization of MBBA (Scheme 1), the three-dimensional

diffusion equations are given by

@�T

@t
� Dthr2�T (2)

@�c

@t
� Dcr2�cÿ kct�c (3)

@�t

@t
� Dtr2�t� kct�t (4)

where Dth is the thermal diffusion constant, Dc and Dt are the

diffusion constants of the cis and the trans forms, �T is the

temperature variation, �c and �t are the peak-null differ-

ence of the concentration of the cis and trans form, and kct is

the rate constant of the cis to trans back isomerization in

dark. The beam radius is assumed to be suf®ciently large so

that the thermal conduction and the mass diffusion across the

excitation spot size can be neglected. Here we assume that

the photoexcitation takes place uniformly along the optical

Scheme 1.
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path (z-axis). Validity of this assumption will be considered

later. The initial conditions are

�T�x; y; z; t � 0� � �T0�1ÿ cos�2�x=���
2

(5)

�c�x; y; z; t � 0� � �c0�1ÿ cos�2�x=���
2

(6)

�t�x; y; z; t � 0� � �t�0 ÿ�c�x; y; z; t � 0�
where �c0 is the initial concentration of the cis form

prepared by photoexcitation and [t]0 is the concentration

of the trans form before irradiation.

For solving the differential equation for temperature, we

assume an isotropic thermal diffusion constant. We further

assume that Dc and Dt are also isotropic and the diffusion

region is in®nitely large. Under these assumptions, the

diffusion equations (Eqs. (5) and (6)) can be simpli®ed to

be one-dimensional equations and can be solved simply as

dnth�q; t� � dn0
th exp�ÿDthq2t�

dns�q; t� � dn1 exp�ÿDtq
2t� � dn2 exp ÿ�Dcq2 � kct�t

� �
(7)

where

dn1 � ÿ��c�dnt Dcq2 ÿ Dtq
2� �

Dcq2 ÿ Dtq2 � kct

dn2 � ��c� dnc ÿ dntkct

Dcq2 ÿ Dtq2 � kct

� �
and q � 2�/�. Hence, by plotting the decay rate constants of

the species grating signal against q2 (q2 plot), Dct as well as

kct can be determined.

3.2. The TG signal from the interface region (i-TG signal)

For probing the molecular dynamics, we used (nearly)

uniform excitation along to the optical path and TIR con-

dition for the probe light, which provides a simple setup as

well as a simple analysis. Under the TIR conditions for the

probe light, an amplitude of the light decays exponentially in

a direction normal to the interface plane (an evanescent

wave), and the decay constant of the electric ®eld amplitude

(E) is called the penetration depth, dp, which is given by [1]

E � E0 exp
ÿz

dp

� �
dp � �p

2�n1 sin2 �i ÿ �n21�2
� �1=2

(8)

where �p is the wavelength of the probe light in vacuum,

n21 � n2/n1 (n1 and n2; refractive indices in denser medium

and that in rarer medium, respectively), and �i is the incident

angle. If we assume that the refractive index of our sample is

a volume-weighted average of the refractive indices of

solvents and MBBA (n � 1.38), the penetration length dp

is obtained as 98 nm for ethanol solvent at 632.8 nm for the

probe light under our experimental condition (�i � 768 and

n � 1.77 for sapphire [1]).

Since the probe beam is totally re¯ected at the interface, it

will see an effective refractive index and diffracted by the

spatially periodic variation of the refractive index. Neglect-

ing a phase factor for the signal light, we obtain the TG

signal intensity by

ITG�t� / E0ei!t

Z1
0

eÿz=dp dn�t; z� dz

������
������
2

(9)

Considering that the TG signal intensity is proportional to

the probe light intensity, we can monitor only the TG near

the interface within half of the penetration depth (dp/2), even

though the TG is created through the whole sample thick-

ness. Therefore, the TG signal under this experimental

condition can monitor the averaged molecular dynamics

from the interface to 49 nm region. Previously, a theoretical

treatment of the TG diffraction ef®ciency under the re¯ec-

tion geometry was derived and it was used to investigate the

thermal diffusion process at an interface [21±23]. Our study

here is the ®rst research for molecular diffusion process at

the solid±liquid interface.

To calculate dn(t,z), we use the diffusion equations

(Eqs. (2)±(4)) and the initial conditions (Eqs. (5) and (6)).

We assume that the sapphire prism is a semi-in®nite half

space heat sink with no thermal barrier at the interface, and

the heat conduction in the sapphire is suf®ciently fast. For

the differential equation of the chemical species, the re¯ect-

ing boundary condition is used, since the chemical species

cannot penetrate into the solid prism. The differential equa-

tion is solved numerically based on the ®nite differential

equation method (the Crank±Nicholson method) with

0.5 nm step [31].

4. Results and discussion

4.1. TG signal near the interface

After the photoexcitation of MBBA in ethanol, the TG

signal from the bulk phase consists of two distinct signals

[26,28]. One is the thermal grating signal by the heat

releasing process from the excited states and the other is

the species grating signal by the photoisomerization of

MBBA from the trans form to the cis form (Scheme 1).

Since there isno absorptive contribution fromboth species, the

TG signal is proportional to the squire of the light induced

change of the refractive index (dn). According to the analysis

presented above, the temporal pro®le of the species grating

signal can be expressed by a sum of two exponential

functions (Eq. (7), [27]). However, in an isotropic phase,

D of the cis form is nearly equal to the trans form

(D � Dc � Dt) [26] and hence, the observed species grating

signal can be reduced to a single exponential function as
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ITG�t�1=2 / dns exp ÿ�Dq2 � kct�t
� ��� �� (10)

where dns is the refractive index change by the presence (and

absence) of the chemical species. In ethanol, it is known that

the back isomerization reaction is slow compared with the

period of the TG measurement (vide infra) and the plot of the

decay rate constant against q2 gives a straight line with a

negligible intercept with the ordinate axis (Figure 4 in [25]).

The TG signal probed by the TIR light is very weak due to

the very short interaction length (dp/2). The excitation power

should be increased compared with that for the bulk phase

(the in¯uence of the laser power will be discussed later) and

the signal was averaged more than 600 shots. When the

excitation laser was not so strong (vide infra), the qualitative

features of the TG signal from the interface region of

MBBA±ethanol (0.4 M) are similar to those from the bulk

phase; the signal consists of the thermal and species grating

components. However, quantitatively the temporal pro®le of

the grating signal is different from that in the bulk liquid. In a

previous paper [25], we reported the following observations

for the i-TG signals after photoexcitation of MBBA in

ethanol.

1. The decay rate of the thermal grating at the interface

was much faster than that observed in the bulk phase.

This feature can be reasonably reproduced by the

thermal conduction from the liquid phase to the solid

phase. The good agreement between the observed i-TG

signal and the calculated one ensures that the observed

signal actually monitors the dynamics at the interface.

2. The species grating signal at the interface was expressed

well by a single exponential function and the lifetime was

shorter than that in the bulk phase.

In the preliminary report [25], we inferred that the cis±

trans back isomerization is enhanced at the interface from

the q2 dependence of the decay rate of the species grating.

However, there are several factors which might affect the

decay rate of the TG signal. We ®rst examine these factors.

4.1.1. Excitation power

It is known that the time pro®le of the TG signal (in

particular, from the liquid crystal sample) is distorted under

a strong excitation laser power condition [28]. To ensure that

the observed signal is not distorted by the excitation laser,

we examine the laser power dependence of the TG signal. As

described previously, the time pro®le of the species grating

at suf®ciently weak power can be expressed well with a

single exponential function (Fig. 1(a)). However, when the

excitation laser power is increased, a faster decaying com-

ponent appears and a bi-exponential function is required to

®t the pro®le (Fig. 1(b) and (c)).

ITG�t� / jaf exp�ÿkf t� � as exp�ÿkst�j (11)

where ks < kf and asaf > 0. When the distorted signal is ®tted

by the bi-exponential function, kf is almost one order of

magnitude larger than ks and ks is slightly smaller than the

decay rate constant determined from the single exponential

®tting in the lower power region. The decay rate constant in

the lower region and ks are plotted against the laser power in

Fig. 2. The plot clearly shows that the lifetime of the TG

signal within a weak laser power region does not depend on

the laser power. Hence, we conclude that the observed i-TG

signal does not suffer from the laser power shortening.

4.1.2. Finite absorption length for excitation

Usually, the diffusion constant in the bulk phase has been

measured under the weak absorption condition by the TG

method; that is, the photoexcitation takes place uniformly

through the sample thickness or the crossing region of the

two excitation beams. However, in this i-TG case, the

absorption length for the excitation light has to be short

to improve the S/N ratio. The extinction coef®cient of

MBBA in ethanol at 355 nm is measured to be

Fig. 1. The i-TG signal from MBBA/ethanol (0.4 M) under a weak (a)

(2.5 mJ/cmÿ2) and strong excitation conditions (b) and (c); (6.0 and 9.0 mJ/

cmÿ2, respectively). The signal intensity is normalized by the total species

grating intensity.

Fig. 2. Laser power dependence of the lifetime of the i-TG signal in

ethanol (circles) and acetonitrile (squares) as example. Closed and open

symbols denote the rate constants determined by the single and double

exponential fitting, respectively. Upper and lower dotted lines represent the

lifetime in the bulk phase of ethanol and acetonitrile solvents, respectively.
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7 � 103 Mÿ1 cmÿ1. For the 0.4 M solution, the absorption

length is da � 3.6 mm. If the fringe spacing is shorter than

this length, the sinusoidal modulation of the concentration

along the grating vector will be completely averaged before

the effect of the ®nite absorption length appears. On the

other hand, if the fringe spacing is not short enough, the

diffusion to the z-axis will change the time pro®le from what

is expected by the one-dimensional diffusion (Section 3).

This effect is examined by a numerical calculation. The

initial condition of Eqs. (5) and (6) is modi®ed to

�c�x; y; z; t � 0� � �c0 exp�ÿz=da��1ÿ cos�2�x=���
2

(12)

to take into account the ®nite absorption length (da). At

various da, the i-TG signals are calculated and presented in

Fig. 3. When da becomes close to �, the i-TG signal decays

faster initially. This faster decay can be understood in terms

of the additional diffusion path to the z-axis. However, after

a short time (such as 20 ms in Fig. 3), the signal decays

exponentially. The lifetime of the single exponential part

agrees with that of the uniform excitation case within 1%

even if da � �/5. Hence as long as the initial part is dis-

regarded (which is inevitable because of the disturbance

from the strong thermal grating signal), the lifetime of the i-

TG should not be affected by the ®nite absorption length.

4.1.3. Contribution of aggregate

Since the concentration of MBBA should be high (0.4 M)

to improve the S/N ratio, the solute could form aggregates,

which might contribute to the TG signal. However, we found

that D obtained from the b-TG signal of 0.4 M solution is

close to that of 1 mM solution after a correction of the

viscosity change. Hence, we conclude that the contribution

of aggregates to the TG signal is minor even it is exists.

4.2. Analysis of the i-TG signal

In our previous paper,[25] we analyzed the i-TG signal by

the single exponential ®t and the decay rate was plotted

against q2. However, if D or kct are not uniform in the

diffusing space, the signal may not decay exponentially. In

order to examine the validity of this exponential ®tting,

we calculate the temporal pro®le of the species grating

signal by solving the differential equations (Eqs. (5) and

(6)). For simplicity, we assume that D along the x-axis (Dx)

is an exponential function of only the distance from the

interface. The rate constant for the back isomerization kct

is also assumed to be an exponential function from the

interface.

Dx�z� � Db
x � �Di

x ÿ Db
x� exp

ÿz

dd

� �
(13)

kct�z� � kb
ct � ki

ct ÿ kb
ct

ÿ �
exp

ÿz

dk

� �
(14)

where superscripts i and b stand for the bulk liquid and the

interface, respectively, dd (dk) is a characteristic length for

describing the diffusion constant (rate constant of the back

isomerization).

Here we consider two cases.

Case 1. Diffusion constant near the interface is faster than

in the bulk region (Di
x > Db

x) but the isomerization rate does

not depend on z (ki
ct � kb

ct).

Case 2. Back isomerization near the interface is enhanced

(ki
ct > kb

ct) with Di
x � Db

x .

Fig. 4(a) shows typical examples of the time pro®le of the

i-TG signals calculated with parameters. (Case 1: Db
x �

0.47 � 10ÿ9 m2/s (diffusion constant of MBBA in ethanol

(0.4 M solution)), Di
x � 4.7 � 10ÿ9 m2/s, dd � 2 nm,

kb
ct � ki

ct �1 sÿ1. (Case 2): Db
x � Di

x � 0.47 � 10ÿ9 m2/s,

kb
ct � 1 sÿ1, ki

ct � 5 � 103 sÿ1, and dk � 2 nm. Both i-TG

signals can be well expressed by a single exponential

function.

When the decay rates at various q2 are plotted against q2

(q2 plot) (Fig. 4(b)), it is apparent that the rate constants are

proportional to the q2 values. Case 1 shows a larger slope

with a small intercept at q2 � 0 axis, while the plot of Case 2

has very similar slope as Db
xq2 with a ®nite intercept with the

q2 � 0 axis. These features are similar to what are expected

for the b-TG signal. It should be noted that the slope in Case

1 represents the effective D averaged over dp region. Hence

the apparent D (Dapp) in this case is close to Db(1 ÿ dd/dp) �
Di(dd/dp). Similarly, the apparent rate constant (kapp) in

Case 2 is close to kb
ct�1ÿ dk=dp� � ki

ct�dk=dp�. These model

calculations justify our exponential ®tting of the i-TG signal

and the q2 plot. Based on these results, the q2 plot of the i-TG

signal implies Di(dd/dp) � 0 and ki
ct�dk=dp� � 0.3 msÿ1 for

the ethanol solvent.

4.3. Origin of the enhanced isomerization

As shown in the previous section, the shorter lifetime of

the i-TG signal can be interpreted in terms of the enhanced

isomerization reaction near the interface. There may be two

possible origins to account for this enhancement.
Fig. 3. Calculated b-TG and i-TG and i-TG signals at various absorption

lengths (da for q2 � 1.5 � 1012 mÿ2 (� � 5.1 mm).
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1. The surface of the sapphire prism may act as a catalyst

to the back reaction.

2. The solvent structure near the interface is different from

that in the bulk phase and it enhances the back reaction.

These two possibilities were examined by coating the sap-

phire surface and by the solvent dependence.

4.3.1. Polymer coating

The surface of the sapphire prism was coated by a

polystyrene ®lm. The thermal i-TG from the coated sample

cell was almost identical to the i-TG signal without the

coating, which indicates that the thermal conduction to the

solid phase determine the decay of the signal. The lifetime of

the species grating was also the same within our experi-

mental uncertainty (�10%) and it was shorter than that of

the b-TG signal. This result implies that the back isomer-

ization is enhanced regardless of the surface condition,

either sapphire or polystyrene. Disregarding that the acci-

dental coincidence of the catalytic capabilities of these

surfaces, we think that the enhancement is not due to the

surface catalytic reaction.

4.3.2. Solvent dependence

We measured the i-TG signal in various solvents such as

ethanol, methanol, acetonitrile, acetone, benzene, hexane,

and cyclohexane. Since the refractive index of these solvents

are not so much different, half of the penetration length

calculated from Eq. (8) are almost constant around

50 � 3 nm except benzene (dp/2 � 58 nm). In fact, the

thermal grating signal from the interface is very similar

to each other in every solvent, which is a clear indication that

the signal comes from very similar interface region. The

time pro®le of the i-TG signal in ethanol, benzene and

cyclohexane can be ®tted well by a single exponential

function, while those in acetonitrile, hexane, methanol

and acetone show slow rising component (Fig. 5). In these

solvents, the time pro®le was ®tted by a sum of two

exponential functions with pre-exponential factors of dif-

ferent sign. Under the same condition, the b-TG signal

decays single exponentially in every solvent. (A deviation

from a single exponential decay was observed for the i-TG

signal even in ethanol, when we used more concentrated

solution. In this case, however, a faster decay component

appears. These slow rise or faster decay might result from an

intermolecular interaction between MBBA at the solid±

liquid interface. We could not check whether the slow rising

component disappears or not under more diluted condition

of acetonitrile, hexane, methanol and acetone, because of the

weaker signal intensity.) At present, we do not understand

what caused the slow rising component. However, since the

decay lifetime is close to Dq2, it is sure, at least, that the i-TG

decays represent the diffusion process of MBBA in these

solvents. The excitation power dependence of the lifetime in

all solvents is checked to ®nd that the lifetimes are constant

within the experimental error in every solvent (an example is

shown in Fig. 2). The decay rates were plotted against q2,

and two typical examples are shown in Fig. 6. We found that

the i-TG signals in ethanol, methanol, benzene, and cyclo-

hexane decay faster than the b-TG signal and show non-

Fig. 4. (a) Calculated i-TG signals with parameters (solid line; for the bulk

phase of ethanol) Db
x � Di

x � 0.47� 10ÿ9 m2/s, kb
ct � ki

ct � 1 sÿ1 (broken

line; for Case 1), Db
x � 0.47� 10ÿ9 m2/s, Di

x � 4.7 � 10ÿ9 m2/s, dd � 2 nm,

kb
ct � ki

ct � 1 sÿ1, and (dotted line for Case 2) Db
x � Di

x � 0.47 � 10ÿ9 m2/s,

kb
ct � 1 sÿ1, ki

ct � 5 � 103 sÿ1, and dk � 2 nm. (b) q2 plot of the calculated

i-TG signal for the above parameters (Closed squares; for bulk, closed circles;

for Case 1, open squares; for Case 2). The lines are fitted lines by the least

square method.

Fig. 5. The i-TG signal in various solvents.
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negligible intercepts to q2 � 0 axis. On the other hand, in

acetonitrile, hexane, and acetone, the decay rates were very

similar to that of the b-TG signal at any q2, therefore, D and

ki
ct should be similar to those in the bulk phase, too. This

solvent dependence indicates that the enhanced isomeriza-

tion is related with the nature of the solvent.

Since an isomerization reaction requires a space which

allows the bulky group to move, it is expected that the cis±

trans isomerization rate depends on the free space of the

solvent [32]. A medium with a larger free space will increase

the isomerization rate. The enhanced back reaction near the

interface may be explained by the larger free space near the

interface. Due to the intermolecular interaction, the solvent

molecules have intermolecular local structures. This local

structure may be broken near the solid wall and it may create

a large free space than in the bulk phase, which will increase

the isomerization reaction. A molecular dynamics simula-

tion of organic solutions near solid interfaces indicates some

ordered structures close to the wall [14,17]. The ordering is

destroyed around 0�2 nm region from the surface and the

structures near solid surfaces are different from that in the

bulk phase. This transient spatial disordering may relate to

the larger free space.

In order to reduce the ®tting error of the q2 plot, Dapp in

every solvent is assumed to be the same as Db to determine

the intercept at q2 � 0 (i.e., kapp � kb
ct(1 ÿ dk/dp) � ki

ct(dk/

dp)). The solvent dependence of kapp can be explained either

by the different free volume near the interface (different ki
ct)

or different dk. We tried to seek solvent properties (such as

dielectric constant, capability of the hydrogen bonding etc.)

which correlate with the enhancement of the isomerization

and found that the enhanced isomerization rate near the

interface is more pronounced in a solvent with a higher

viscosity. In Fig. 7, Dÿ1 and kapp determined from the q2 plot

are shown. Dÿ1 is proportional to the viscosity as expected

from the Stokes±Einstein relation (Dÿ1 � ar�/kT: a, con-

stant; r, radius of the solute; �, viscosity; T, temperature).

The viscosity dependence of kapp is less obvious in Fig. 7 but

it increases with increasing the viscosity (except in benzene

(� � 0.65 mPa s)). This viscosity dependence can be related

to the above free space model. The viscosity is approxi-

mately related with the intermolecular interaction for small

nonassociated solvents. The above ®nding may suggest that

the strongly interacting solvents could have a larger inter-

face region for the free space (dk) and, hence, kapp is

expected to be larger. The larger kapp in benzene might

re¯ect the strong intermolecular interaction of benzene,

which induces a more pronounced local structure as

observed experimentally [33].

4.3.3. Isomerization in the porous glass

In principle, the back isomerization rate in the bulk phase

can be determined for the q2 plot of the decay rate of the

i-TG signal (Eq. (10)). However, since the value of the

intercept to the vertical axis at q2 � 0 is very small compared

with the decay rate, kct from the q2 plot is not accurate. The

lifetime of the cis isomer in the bulk phase was measured by

the laser photolysis method. Monitoring a probe light inten-

sity at 360 nm, we observed the transient bleach signal after

the photoirradiation. This bleach signal indicates that the

extinction coef®cient of the cis isomer is much smaller than

that of the trans isomer at this wavelength. The bleach

recovery rate should represent the cis-to-trans isomeriza-

tion. The lifetime of cis-MBBA in ethanol is 1.4 s (Fig. 8).

By the same method, we tried to detect the bleach signal

from the sapphire±ethanol interface, but the signal was very

Fig. 6. Two typical examples of the q2 plots of the decay rates from the

i-TG signals (closed circles) and from the b-TG signal (open circles) in

(a) cyclohexane and (b) acetonitrile.

Fig. 7. The inverse of D (open circles) and the cis±trans isomerization

rates (kct) (closed circles) determined from the q2 plots against the solvent

viscosity.
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weak due to that short penetration length. We used a porous

glass to measure the lifetime of the cis isomer close to the

solid surface directly by the transient absorption method.

A porous glass is an interesting media, in which many

molecular dynamics have been measured [34±36]. In one of

related studies, Dozier et al. have measured the self-diffu-

sion of azobenzene is solution in porous glass by the TG

method [34]. They found that azobenzene in a porous glass

without treatment by 1-propanol showed a q-independent

decay, which could be due to enhanced isomerization of

azobenzene adsorbed to the pore surface. When the porous

glass was treated by 1-propanol at its boiling temperature,

the active site of the glass was blocked and they did not ®nd

any q-independent decay. In order to avoid this possible

additional isomerization process, we have treated our porous

glass by the same method to block the active site for

adsorption before our measurements.

The bleach signal from MBBA in a porous glass is shown

in Fig. 8. The lifetime (�8 ms) is dramatically shortened in

the porous glass compared with that in the bulk phase (1.2 s).

The short lifetime cis-MBBA is consistent with the results of

the interface sensitive TG experiments. The enhanced iso-

merization may be induced by a special intermolecular

structure in the pore.

4.4. The i-TG signal of spiropyrane

Using the photoisomerization reaction of MBBA, we

found that D near the interface is very close to D in the

bulk. We used another reaction to investigate D under the

TIR probe condition. A spiropyran (10,30,30-trimethyl-6-

hydroxyspiro(2H-1-benzopyran-20,20-benzopyran-20,20-ind-

oline)) is a well known photochromic molecule (Scheme 1).

[37±39] On UV photoexcitation, it is converted to a colored

mecrocyanine form and it is thermally converted back to the

original form gradually. This photochromic reaction induces

strong species grating signal under the TG excitation con-

dition [37]. Fig. 9 depicts the species grating signal of b-TG

and i-TG signals in hexanol. Both signals can be expressed

well with a single exponential function and the lifetimes

were the same within our experimental uncertainty (�5%).

The same lifetime indicates that D as well as kback near the

solid±liquid interface are close to those in the bulk phase for

this molecule.

4.5. Translational diffusion at the solid±liquid interface

Diffusion could be slowed down at a position very close to

a wall due to the wall-molecular interaction (drag effect).

The effect of the trapping layer will be penetrated in the ¯uid

phase by the intermolecular interaction. From NMR mea-

surements of water in porous silica glass, it was found that

water molecules below one monolayer are less mobile by the

liquid±solid interaction [36]. Molecular dynamics simula-

tion of alkanes on a solid surface showed that apparent

diffusion constant along the z direction (normal to the

surface) decreases near the surface, which may result from

the effect of the re¯ecting surface. On the other hand,

parallel to the surface is enhanced near the surface because

of the ¯at and smooth structure of the surface [14]. This

anomaly of D near the interface was not detected by the TG

technique with the TIR probing method probably because of

the relatively long penetration depth compared with dd (dd/

dp < 1). (For isomerization reaction rate, we think that dk

should be similar to dd (i.e., dk/dp < 1). However, in this case,

since ki
ct is much larger than kb

ct (Section 4.3.3), kapp

becomes larger than kb
ct beyond the experimental uncertainty

in some solvents.)

Fig. 8. Transient bleach signals of MBBA in ethanol (a) in the bulk and (b)

in the porous glass.

Fig. 9. The TG signals after photoexcitation of a spiropyran in hexanol (a)

in the bulk phase (b-TG) and (b) under the TIR probe condition (i-TG).
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From an evanescent light propagation in the nematic

liquid crystal, the motion near a rubbed nylon surface

was found to be slower than in the bulk phase and the

surface anchoring energy was evaluated from the surface

correlation function of the liquid crystal sample [12]. This

observation, slow motion at the interface by the TIR prob-

ing, may result from a long correlation length in the nematic

phase due to the strong intermolecular interaction. However,

our preliminary measurement of the i-TG method of MBBA

nematic phase reveals that the diffusion near the interface is

very similar to that in the bulk phase even in the nematic

phase. We are now investigating the molecular dynamics

near the interface of a nematic liquid crystal in detail as well

as near the other interfacial regions such as the gas±liquid or

liquid±liquid interfaces.

5. Summary

Molecular dynamics after photoexcitation of a liquid

crystal molecular (MBBA) at a solid±liquid interface was

studied by the TG method with TIR for the probe light. In

ethanol, methanol, benzene and cyclohexane, the species

grating signal from the interface region decays faster than

that from the bulk phase, while the difference is much

smaller in acetonitrile, hexane and acetone. The faster decay

was attributed to the enhanced back isomerization reaction

of MBBA near the surface. The solvent dependence indicate

that the enhanced isomerization is originated from a differ-

ent solvent structure near the interface from that in the bulk

phase. The diffusion constant in all solvents near the inter-

face (50 nm) was very similar to those in the bulk phase. The

similarity was also con®rmed by the i-TG signal from

another solute (spiropyran).
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