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A technique using rapid-scan Fourier transform infrared (FT-IR)

spectroscopy to observe reversible dynamic changes of systems un-
der an externally applied perturbation is introduced. The technique

does not require a lock-in ampli® er or synchronization between the

applied perturbation and the spectral acquisition. With the use of
a carefully designed sampling rate with respect to the perturbation

period and reconstruction of the observed spectral intensities, dy-

namic spectral intensities of the system are obtained. Due to the
repeated behavior, the reconstructed spectral intensities can be used

to represent the dynamic characteristic of the system. The experi-

mentation time of the rapid-scan technique is signi® cantly shorter
than that of the step-scan technique. The in¯ uences of noise and

experimental parameters on the observed spectral intensities are

veri® ed. Applications of the technique to systems with sinusoidal
dynamic changes and exponentially decaying dynamic changes are

demonstrated.

Index Headings: Fourier transform infrared spectroscopy; FT-IR

spectroscopy; Dynamic infrared spectroscopy; Rapid-scan tech-
nique; Step-scan technique.

INTRODUCTION

In a system where dynamic changes, such as orienta-
tion and relaxation of molecules, are induced by an ex-
ternally applied perturbation, chemical species in the sys-
tem respond to the perturbation differently according to
their structural characteristics and environments.1 Fourier
transform infrared (FT-IR) spectroscopy with polarized
radiation is a powerful tool for the observation of such
changes since it is sensitive to the orientation of selected
functionality with respect to the polarization axis. For a
system with fast and reversible dynamic changes (i.e.,
those with a period of a millisecond or less), step-scan
FT-IR spectroscopy can be applied. By taking advantage
of the repeatable characteristics of the system and step
displacement of the moving mirror, the step-scan tech-
nique offers time-dependent spectra, high spectral reso-
lution, and desirable signal-to-noise (S/N) ratio. If the
rapid-scan technique is employed in such a system, the
acquired spectra represent the average of changes during
the scanning period. As a result, dynamic changes in the
system may not be observed if the scanning period or
scanning time is too long. There are unique approaches
available to study such systems using both step-scan and
rapid-scan techniques.1±6

Some of the limitations of the step-scan technique are
the requirement of special accessories (i.e., lock-in am-
pli® ers) and complex experimental setup. With the very
fast scanning capability of available spectrometers and
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powerful computers, by using a carefully designed sam-
pling rate in conjunction with the perturbation period, the
rapid-scan technique can do the same job as does the
step-scan technique when it is used to observe phenom-
ena occurring in the subsecond time frame. The purpose
of this paper is to introduce an application of rapid-scan
FT-IR spectroscopy to observe dynamic changes of re-
versible phenomena without using a lock-in ampli® er and
without synchronization between the externally applied
perturbation and spectral acquisition.

THEORY

The Observed Spectral Intensity. When a system is
subjected to an externally applied perturbation, chemical
species in the system respond to the perturbation differ-
ently according to their structural characteristics and en-
vironments. The dynamic changes of those species may
be monitored via infrared spectra at the characteristic fre-
quencies.1,7,8 If the changes are reversible and are pro-
portional to the magnitude of the applied perturbation,
the perturbation can be repeated in order to observe the
same phenomena again. With repetition of the perturba-
tion, dynamic changes of the system at different magni-
tudes of perturbation can be observed and/or those at the
same magnitude can be observed again in order to im-
prove the S/N ratio. The external perturbations can be
any kind (i.e., mechanical, electrical, or chemical) and
may take any waveform (i.e., sinusoidal, step, or expo-
nential decay). Analogous to the step-scan technique, the
following method shows an application of the rapid-scan
technique for observation of repeatable phenomena.

In general, the time-dependent spectral intensity at fre-
quency n can be expressed as 2

Å Ä Å ÃA(n , t 9 ) 5 A(n ) 1 A(n , t 9 ) 5 A(n ) 1 A(n )F(n , t 9 ) (1)

where t 9 is the time de® ned with respect to the pertur-
bation domain, A(n , t 9 ) is the time-dependent spectral in-
tensity, AÅ (n ) is the static spectral intensity, AÄ (n , t 9 ) is the
perturbation-induced dynamic spectral intensity, AÃ(n ) is
the coef® cient of the dynamic change, and F (n , t 9 ) is the
dynamic function or wave form of the dynamic. The
above equation can be applied to an experimental setup
only where the external perturbation and the spectral ac-
quisition are synchronized (i.e., perturbation and spectral
acquisition are started at the same time).

In the case where the applied perturbation is not syn-
chronized with the spectral acquisition, the perturbation-
induced dynamic spectral intensity can be expressed as
(see Fig. 1)

Ä ÃA(n , t 9 ) 5 A(n )F(n , t 1 t 9 ) (2)
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FIG. 1. Schematic illustration for spectral acquisition without synchro-
nization of the external perturbation and spectral acquisition. The solid
line (A) shows the magnitude of the perturbation, the dotted line (B)
shows the changes in spectral intensity as a result of the perturbation, and
the square symbol indicates the acquired spectrum at time ti. In practice
t 9 and t are unknown parameters. A schematic illustration for spectral
reconstruction or spectral mapping into the ® rst perturbation cycle using
the observation time and perturbation period is shown in C .

where t is the time de® ned with respect to the spectral
acquisition domain; t 9 is the time difference between the
starting points of the perturbation and that of the spectral
acquisition. Since the external perturbation has a period
of T, the magnitudes of the perturbation and the dynamic
changes of the system are repeated with a period equal
to that of the external perturbation. As a result, Eq. 2 can
be rewritten as

Ä Ã ÃA(n , t 9 ) 5 A(n )F(n , t 1 t 1 t ) 5 A(n )F(n , t 1 mT 1 t )m

Ã5 A(n )F(n , t 1 t ), m 5 0, 1, 2, 3, . . . (3)

where t is the delay time (i.e., the time difference be-
tween the start of measurement and the closest time tm

where the magnitude of the perturbation equals zero).
Figure 1 shows a schematic illustration for an observation
of a reversible phenomenon where the applied perturba-
tion and spectral acquisition are not synchronized.

Since the rapid-scan technique is used, the observed
spectral intensity is an average of the changes during the
observation period (i.e., the scanning time for a spec-
trum). A spectral intensity acquired at time t with an ob-
servation period D tobs is given by

t 1 D t /2obs1
A (n , t) 5 A(n , t) dtobs ED tobs t 2 D t /2obs

t 1 D t /2obs1Å Ä5 A(n ) 1 A(n , t) dt (4)ED tobs t 2 D t /2obs

where A obs(n , t) is the observed spectral intensity during
the time interval

D t D tobs obst 2 to t 1 .
2 2

The observed dynamic spectral intensity, AÄ
obs(n , t), is then

de® ned as

t 1 D t /2obs1Ä Å ÄA (n , t) 5 A (n , t) 2 A(n ) 5 A(n , t) dtobs obs ED tobs t 2 D t /2obs

t 1 D t /2obsÃA(n )
5 F(n , t 1 t ) dt.ED tobs t 2 D t /2obs

(5)

Since the system is repeated at a period of T, spectral
intensities within a single perturbation period can be used
to represent the dynamic behavior of the system. By tak-
ing advantage of the repeated behavior, we can super-
impose the observed dynamic spectral intensity sampling
at time t into time t1 in a single perturbation period by
the following expression:

1 1Ä Ä ÄA (n , t) 5 A (n , kT 1 t ) 5 A (n , t )obs obs obs

k 5 0, 1, 2, 3, . . . (6)

where t1 is the time de® ned within a single perturbation
period (i.e., 0 # t1 # T ). With the use of a carefully
designed sampling rate with respect to the perturbation
period, the observed time-dependent spectral intensities
of the system within a single perturbation period can be
reconstructed. The schematic illustration for spectral re-
construction is shown in Fig. 1.

In the following examples, systems with sinusoidal dy-
namic behavior and exponentially decaying dynamic be-
havior are examined since they are common perturbation
waveforms and dynamic phenomena. It should be noted
that there is no synchronization between the external per-
turbation and the spectral acquisition in the experimen-
tally observed systems. The time for spectral reconstruc-
tion is the acquisition time of each spectrum, which can
be obtained from the spectrometer. The perturbation pe-
riod is used to map or project the spectrum acquired at a
particular time into the ® rst perturbation cycle.

Systems with Sinusoidal Dynamic Changes. An ex-
ample of systems with this type of dynamic change is the
orientation and recovery of polymer molecules under a
small sinusoidal strain. The time-dependent total strain of
such a system is given by 1,4 ,5,7

Î (t) 5 Î Å 1 Î Ä (t) (7)

where is the stat-Î (t) is the time-dependent total strain, Î Å
ic strain, and is the time-dependent dynamic strain.Î Ä (t)
The time-dependent sinusoidal strain with a small ampli-
tude and a frequency f Hz (i.e., f 5 1/T ) can be ex-Î Ã
pressed as

Î Ä (t) 5 Î Ãsin(2 p f t) 5 Î Ãsin ( V t) (8)

where V is the angular frequency. If the amplitude of the
applied strain is small (i.e., within the linear elastic re-
gion), a linear relationship between the magnitude of per-
turbation and the degree of orientation can be as-
sumed.1,2,5 The time-dependent spectral intensity at fre-
quency n is given in terms of the angular frequency by

Å ÄA(n , t) 5 A(n ) 1 A(n , t)

Å Ã5 A(n ) 1 A(n )sin[V (t 1 t ) 1 b (n )] (9)
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FIG. 2. Schematic illustration for an observation of dynamic changes
in a system under external perturbation with the rapid-scan technique.
Spectra are acquired with an observation time of D tobs and a sampling
interval of D tsamp. (A) The magnitude of the applied perturbation. (B)
The observed spectral intensity at frequency n as a function of acqui-
sition time. (C ) The spectral intensities in B mapped (or superimposed)
into a single perturbation period.

FIG. 3. The in¯ uence of observation time on the observed spectral
intensities at frequencies n 1 (solid lines) and n 2 (dotted lines) with a
perturbation period of 10 s: the true spectral intensities (top), the ob-
served spectral intensities with D tobs 5 2 s (middle), and D tobs 5 6 s
(bottom).

where AÃ(n ) is the amplitude of the sinusoidal variation,
and b (n ) is the phase angle of the dynamic change. It
should be noted that AÅ (n ) in this case is simply the av-
erage spectral intensity. According to Eq. 5, the observed
dynamic spectral intensity at time t is given by

t 1 D t /2obsÃA(n )ÄA (n , t) 5 sin[ V (t 9 1 t ) 1 b (n )] dt 9obs ED tobs t 2 D t /2obs

ÃA(n )
t 1 D t /2obs5 2 [cos[ V (t 9 1 t ) 1 b (n )]]t 2 D t /2obsV D tobs

Ã2A(n )
5 [cos[ V t 1 b (n )]sin(V t)sin( V D t /2)obsV D tobs

1 sin[ V t 1 b (n )]cos(V t)sin( V D t /2)]obs

Ãsin( V D t /2)A(n )obs5 [cos[ V t 1 b (n )]sin(V t)
V D t /2obs

1 sin[ V t 1 b (n )]cos(V t)]

Ã5 sinc(V D t /2)A(n )sin[V (t 1 t ) 1 b (n )]obs

Ã5 A (n )sin[ V (t 1 t ) 1 b (n )].obs (10)

The above equation indicates that the observed dynamic
spectral intensity has exactly the same dynamic function
as that of the true perturbation-induced dynamic spectral
intensity. The corresponding reconstructed spectral inten-
sity within a single perturbation cycle of the observed
spectral intensity at time t is given by

1 1Ä ÃA (n , t ) 5 A (n )sin[V (kT 1 t 1 t ) 1 b (n )]obs obs

1Ã5 A (n )sin[V (t 1 t ) 1 b (n )]. (11)obs

In order to verify its applicability and limitation, the
technique is applied to both simulated and experimentally
observed spectral intensities. For the simulated system,
the simulation parameters for sinusoidal dynamic changes
are f 5 0.1 Hz; delay time t 5 3 s; true dynamic am-
plitudes AÃ(n 1) 5 0.10 a.u. and AÃ(n 2) 5 0.15 a.u.; and
phase angles b (n 1) 5 0.2 radian and b (n 2) 5 0.5 radian.
It should be noted that in the actual experiment only the
perturbation frequency, sampling times, and observation
period are known parameters. A schematic illustration for
an observation of the changes of the systems is shown in
Fig. 2. The spectral intensities are observed with various
sampling intervals, D tsamp, and observation periods, D tobs.
The N observed spectral intensities are reconstructed (i.e.,
superimposed into a single perturbation period) in order
to obtain the observed dynamic changes of the system.
Figure 3 shows the effect of the observation period on
the observed dynamic amplitudes. As the observation pe-
riod gets longer, the observed dynamic amplitude be-
comes smaller. Figure 4 shows the examples of sampling
intervals designed with respect to a perturbation period
in order to obtain different numbers of reconstructed
spectral intensities. The S/N ratio of the superimposed
spectral intensity can be enhanced by taking advantage
of the periodic characteristic of the system. Figure 5
shows the designed experimental parameters for obtain-
ing reconstructed spectral intensities with various S/N ra-
tios. By observing the system with a long observation
time or by observing a large number of spectra and av-
eraging spectral intensities of the same superposition time
or combination, one can enhance the S/N ratio.

In the case of the experimentally observed system, a
® lm (30 3 10 3 0.025 mm) of 80:20 poly(dimethyl si-
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FIG. 4. The design of sampling intervals with respect to the pertur-
bation period (10 s) in order to obtain different numbers of sampling
data after spectral reconstruction. In the case of a 9.0 s sampling period,
the minimum time required for spectral collection in order to obtain the
necessary number of data point to ® ll in a single perturbation cycle is
tmin 5 2 3 5 3 3 3 3 s. The number of data points is given by tmin/
D tsamp. (A) The spectral intensity as a function of acquisition time, and
(B) the spectral intensity mapped into a single perturbation cycle.

FIG. 5. The in¯ uences of the observation period and the number of
observed spectra on the S/N ratio of the reconstructed spectral inten-
sities. Figures A±C show the enhancement of the S/N ratio by the num-
ber of acquired spectra with D tobs 5 1 s and the number of acquired
spectra of 100 (A), 300 (B), and 500 (C ). Figures D±F show the en-
hancement by variation of observation period of 1 s (D ), 3 s (E ), and
5 s (F ) on the same number of acquired spectra of 200. The assumed
noise amplitude per one scan is 0.05 a.u. with an average scanning time
of 0.2 s.

FIG. 6. Schematic illustration for the experimental setup of the sinu-
soidal system (A) and a static spectrum (no perturbation is applied) of
the 80:20 poly (dimethyl siloxane)/poly(carbonate) copolymer (B).

loxane)/polycarbonate copolymer is subjected to a sinu-
soidal perturbation (Rheometric Scienti® c RSA-2). The
® lm is stretched with ; 0.3% strain at 0.1 Hz. The spectra
are observed in rapid-scan mode by using the rapid-scan
time-resolved spectroscopy (Rapid Scan TRS) option of
the OPUS software. A set of 101 transmission spectra is
acquired with 10 scan coaddition at 4 cm 2 1 resolution by
a Bruker IFS 66 FT-IR spectrometer equipped with an
MCT detector. The output is a multi-® le, which is a big
® le that contains all periodically observed spectra over
the entire experiment. Each time-dependent spectrum
with its observation time and observation period can be
extracted from the multi-® le by a home-written macro.
Each spectrum has the same observation period. The ob-
servation time of each spectrum and the perturbation pe-
riod (i.e., 10 s in this case) are used to reconstruct the
dynamic behavior of the system within a single pertur-
bation cycle (i.e., the ® rst perturbation cycle). A sche-
matic illustration of the experimental setup and a static
spectrum of the ® lm (nonpolarized radiation) are shown
in Fig. 6.

Although the spectra show saturation in the region be-
low 1300 cm 2 1, the high-frequency region is still useful
for observation of the dynamic behavior of the molecules
under the perturbation. Figure 7A shows the amplitudes
of the applied sinusoidal strain with respect to the ac-
quisition time. Even though the observed signals (i.e., the
time-dependent strains obtained from the perturbation
source), show nonmeaningful features, the reconstructed
signals exhibit sinusoidal behavior, as shown in Fig. 7B.
Since some reconstructed signals provide redundant in-

formation, averaging is applied in order to improve the
S/N ratio (Fig. 7C). From the ® gure one will quickly
notice that the perturbation magnitudes at the starting
point of the measurements with p- and s-polarization are
not the same. This result is due to the fact that both ex-
periments have been performed independently. As a re-
sult, their perturbation signals or spectral acquisitions
start at different perturbation magnitudes. For easy inter-
pretation and direct comparison of the dynamic behavior
from these two data sets, the reconstructed signals have
to be modi® ed. By taking advantage of the repetitive na-
ture of the system, one can shift the time domain of the
reconstructed signal in order to get a graphical illustration
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FIG. 7. The time-dependent magnitude of the sinusoidal perturbation
(A); mapped time-dependent perturbation magnitude in a single pertur-
bation cycle (B); average of the redundant signals or signals with com-
mon superimposed times (C ); and time-shifted spectral intensities (D )
in order to obtain perturbation cycles start with the same perturbation
magnitude (tshi ft 5 0 s for p-polarization and tshif t 5 3.63 s for s-polari-
zation).

FIG. 8. Dynamic spectral intensity of the copolymer at 1410 cm 2 1

under the in¯ uence of sinusoidal perturbation. Spectral intensities as a
function of the acquisition time (A); intensities mapped into a single
perturbation cycle (B); average of the intensities shown in B with a
common superimposed time (C ); and a time-shifted spectral intensity
(D ). For a direct comparison between two data sets, the spectral inten-
sities with s-polarized radiation are shifted by 3.63 s.

where the magnitudes of the perturbation at the beginning
are the same. Figure 7D shows the time-shifted signals
where the time domain in the s-polarization data set is
shifted by 3.63 s (i.e., the observed data in the ® rst per-
turbation cycle from t1 5 0 s to t1 5 3.63 s are moved
forward by a period of the perturbation). Figure 8 shows
the dynamic spectral intensities of the system at 1410
cm 2 1 (the graphical illustrations are coincident with those
in Fig. 7). There are two sources for intensity variations:
molecular orientation and thickness change. An obvious
difference between the magnitude of intensity variations
of the p- and s-polarized spectral intensities indicates
stretching-induced orientation since the thickness change
due to stretching would induce an equal magnitude of
intensity variations. According to Figs. 7D and 8D, there
are signi® cant delays between the time-dependent pertur-
bation magnitude and the time-dependent spectral inten-
sities. This discrepancy arises from the way the raw data
are reported. The perturbation signals show stretching
magnitude as a function of time, while the spectroscopic
signals reveal spectral intensities with respect to the ac-
quisition time, which is an average value over the obser-
vation period.

System s with Exponent ially Decaying Dynam ic
Changes. Examples of systems with this type of dynamic
change are orientation and relaxation of low- and high-
molecular-weight liquid crystals under the in¯ uence of
an applied electric ® eld.6,9 ,10 In general, the time-depen-

dent spectral intensity during the relaxation phenomena
is given by

2 k(n )tÅ Ä Å ÃA(n , t) 5 A(n ) 1 A(n , t) 5 A(n ) 1 A(n )e (12)

where k(n ) is the exponential decay constant at frequency
n . The observed dynamic spectral intensity at time t with
an observation time D tobs is given by

t 1 D t /2obsÃA(n )
2 k(n )t 9ÄA (n , t) 5 e dt 9obs ED tobs t 2 D t /2obs

ÃA(n )
2 k(n )[t 2 D t /2] 2 k(n )[t 1 D t /2]obs obs5 {e 2 e

k(n ) D tobs

k (n ) D t /2 2 k (n ) D t /2 Ãobs obs[e 2 e ]A(n )
2 k (n )t5 e

k(n ) D tobs

2 k(n )tÃ5 A (n )e . (13)obs

From Eqs. 12 and 13, one will quickly notice that the
dynamic function of the observed spectral intensity is the
same as that of the actual time-dependent spectral inten-
sity. The shape of the observed dynamic spectral inten-
sities deviates from that of the actual time-dependent in-
tensities according to the observation period. The greater
the observation period, the larger the deviation. The in-
¯ uence of the observation time on the observed dynamic
spectral intensities is shown in Fig. 9.

Again, the sampling rate can be designed with respect
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FIG. 9. The in¯ uence of the observation period on the observed spec-
tral intensities with an exponentially decaying dynamic behavior. The
magnitude of the perturbation in a single perturbation cycle (A). The
true dynamic spectral intensities of the system with a decay constant k
of 1.3 (B). The observed dynamic spectral intensities with D tobs 5 0.5
s (C ) and D tobs 5 2 s (D ).

FIG. 11. Schematic illustration for an experimental setup of the system
with exponentially decaying dynamic behavior (A). A static spectrum
of the liquid crystalline 5CB (B).

FIG. 12. Time-dependent spectral intensities in step-scan mode. The
dynamic behavior of the liquid crystalline 5CB under the in¯ uence of
the applied electric ® eld observed at 1607 (A) and 2227 cm 2 1 (B).

FIG. 10. The in¯ uence of the delay time on the reconstructed dynamic
spectral intensities. The observed spectral intensities as a function of
acquisition time with D tsamp 5 7.6 s (A), the corresponding reconstructed
spectral intensities (B), and the time-shifted spectral intensities (C ). The
perturbation period and decay constant are the same as those in Fig. 9
with D tobs 5 0.5 s. The delay time is 5 s. T0 indicates an onset where
only the exponentially decay dynamic behavior is observed (C ).

to the perturbation period in order to obtain a good sam-
pling of dynamic spectral intensities within a single per-
turbation period (i.e., Fig. 10). Unlike the sinusoidal case,
this system consists of two phenomena, excitation and
relaxation; therefore, the superimposed dynamic spectral
intensities may not give a physically meaningful dynamic
change depending on the delay time (i.e., Fig. 10B). By

taking advantage of the periodicity of the system [i.e.,
Aobs(n , t1) 5 Aobs(n , t1 1 T )], one can shift the time domain
in order to obtain a meaningful dynamic change (i.e., Fig.
10C).

In the case where only the decay process is considered,
the spectral intensity with an exponential decay dynamic
change at frequency n is given by

12 k (n )(t 2 t ) 1Ã eA e t $ tobs e1ÄA (n , t ) 5 (14)obs 5 0 otherwise,

where te is the time when the exponential decay process
starts (in practice te is not known). Care must be taken
since the transition from excitation to relaxation is not
clear if the observation period is too long.

Since the spectral intensities observed by the rapid-
scan technique are the averages of the changes during the
observation period, it is more meaningful to use only the
observed spectral intensities within the region that rep-
resents only the exponential decay process. If the range
of meaningful observed spectral intensities is de® ned by
T0 , t1 , T (i.e., in the time-shifted spectral intensities
where dynamic changes begin with the excitation pro-
cess, Fig. 10C), the spectral intensities within the de® ned
interval are independent of the delay time t . As a result,
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FIG. 13. Time-dependent spectral intensities in rapid-scan mode. The
dynamic behavior of the liquid crystalline 5CB under the in¯ uence of the
applied electric ® eld observed at 1607 (A) and 2227 cm 2 1 (B); their
corresponding time-shifted spectral intensities are shown in C and D.

synchronization between spectral acquisition and pertur-
bation is not required. The spectral intensity at time t1

can be rewritten with respect to a new reference time T0

as (i.e., T0 is arbitrary):
1 11 2 k(n )(t 2 T 1 T 2 t ) 2 k(n )(T 2 t ) 2 k(n )(t 2 T )Ä Ã Ã0 0 e 0 e 0A (n , t ) 5 A e 5 A e eobs obs obs

12 k(n )(t 2 T )Ä 05 A (n , T )eobs 0 (15)

where AÄ
obs(n , T0) is the dynamic spectral intensity at t1 5

T0, which can be obtained from the observed spectral
intensities. The above equation indicates that dynamic
spectral intensities within the selected region can be used
to represent dynamic changes of the decay process.

The system under investigation is the orientation and
relaxation of the liquid crystal 5CB under the in¯ uence
of the applied electric ® eld.9 The pre-aligned liquid crys-
tal is perturbed by an applied electric ® eld ( 6 10 V dc at
a switching frequency of 10 kHz) with an excitation pe-
riod of 215 ms and relaxation period of 600 ms. The
transmission spectra are collected to 8 cm 2 1 resolution
with a Bruker IFS 28 FT-IR spectrometer equipped with
an MCT detector. A schematic illustration of the exper-
imental setup and a spectrum of the pre-aligned 5CB un-
der p-polarized radiation are shown in Fig. 11. Due to
the pre-aligned characteristic, changes in spectral inten-
sity upon perturbation can be observed only with p-po-
larized radiation (i.e., with the electric ® eld component
of the radiation parallel to the rubbing direction of the
polyimide orientation-induced layer). Spectral acquisi-
tions in both step-scan and rapid-scan modes were per-
formed. In the step-scan mode, the spectra were acquired

during the ® rst 500 ms of the perturbation period. A set
of 500 spectra with time resolution of 1 ms were col-
lected. In order to improve the S/N ratio, ® ve consecutive
step-scan spectra were averaged. The dynamic changes
of the spectral intensity at 1607 and 2227 cm 2 1 are shown
in Fig. 12. In the rapid-scan mode, 500 consecutive spec-
tra are collected with one scan coaddition (acquisition
time for each spectrum is 95 ms) with the use of the
Rapid Scan TRS spectral acquisition option of the OPUS
software. The acquired spectra are then superimposed
into a single perturbation period. Spectra with common
superposition times are averaged in order to improve S/
N ratio (three spectra in this case). The dynamic changes
of the system observed by rapid-scan mode at 1607 and
2227 cm 2 1 are shown in Fig. 13. In contrast to those in
step-scan mode where synchronization between pertur-
bation and spectral acquisition is required, the recon-
structed rapid-scanning spectral intensities show a non-
meaningful waveform. By shifting the time domain (3.9
ms in this case), one can make the spectral intensities
show exactly the dynamic behavior observed by the step-
scan technique (Figs. 13C and 13D). The obvious advan-
tage of the new technique is the signi® cantly shorter mea-
surement time (2 min in rapid-scan mode vs. 1 h in step-
scan mode).

CONCLUSION

A technique using rapid-scan FT-IR spectroscopy for
observation of the dynamic changes of reversible phe-
nomena has been introduced. By taking advantage of the
periodic characteristics of the system, a carefully de-
signed sampling rate with respect to the perturbation pe-
riod, and reconstruction of observed spectral intensities,
this approach allows one to obtain dynamic changes of
the system within a single perturbation period. The re-
constructed spectra from the rapid-scan technique show
exactly the same dynamic behavior as those obtained by
the step-scan technique. Although the rapid-scan tech-
nique cannot be applied to a system with rapid changes,
it has some other advantages; for example, neither lock-
in ampli® er nor synchronization between the perturbation
and spectral acquisition is required. Furthermore, a short
experimental time is achieved.
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