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We built a transient absorption spectrophotometer that can deter-
mine transient absorption spectral changes that occur at times as
fast as ;200 ns and as slow as a minute. The transient absorption
can be induced by a temperature-jump (T-jump) or by optical
pumping from the deep ultraviolet (UV) to the infrared (IR) by use
of single ns Nd:YAG laser pulses. Our use of a fiber-optic spec-
trometer coupled to a XeF flashlamp makes the collection of tran-
sient spectra easy and convenient in the spectral range from the
near IR (1700 nm) down to the deep UV (200 nm), with high signal-
to-noise (S/N) ratios. The spectral resolution is determined by the
specific configuration of the fiber-optic spectrometer (grating groove
density, fiber diameter, slit width) and varies between 0.3 and 10
nm. The utility of this spectrometer was demonstrated by measur-
ing the rate at which a polymerized crystalline colloidal array
(PCCA) of poly(N-isopropylacrylamide) nanogel particles optically
switch light due to a T-jump induced by nanosecond 1.9 mm laser
pulses. In addition, we measured the rate of optical switching in-
duced by a 3 ns 355 nm pump pulse in PCCA functionalized with
azobenzene.

Index Headings: Transient absorption; Temperature jump; Pump
probe; Optical switching; Volume-phase transition; Photonic crys-
tals.

INTRODUCTION

Many chemical and biochemical processes occur in the
nanosecond, microsecond, and millisecond timescales.
Examples include electron transfer and the relaxation of
reactive species such as radicals and photochemically
produced excited states,1–6 protein folding,7–10 RNA fold-
ing,11 hydrogel volume-phase transitions,12–14 and mac-
romolecular self-assembly.15 Specialized instruments are
used to monitor these processes at these various time-
scales.

These instruments typically utilize optical spectroscop-
ic techniques with high time resolution. Examples include
transient visible and/or near-infrared (NIR) absorption
spectrometers,1,16–24 fluorescence spectrometers,25–34 cir-
cular dichroism (CD) spectrometers,35–38 IR spectrome-
ters,18,24,39–42 and Raman10,18,43,44 spectrometers. Recently,
these optical spectroscopic methods have been extended
into the picosecond and femtosecond time regions.16,45–49

Most of these spectroscopic instruments are complex, uti-
lize rather specialized equipment, are home-built, and are
not available commercially. In addition, many of these
instruments are designed only for a particular application
in a limited spectral region.
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Transient absorption instruments are usually less com-
plicated than other spectroscopic instruments. The tran-
sient absorption changes can be initialized using laser-
induced T-jumps (when the IR pump beam is absorbed
by solvent) or photochemically with the pump-beam-in-
duced absorption changes occurring in the ultraviolet
(UV), visible, or IR spectral regions depending on the
sample. These transient changes can be monitored either
at a single wavelength of interest or by recording the
entire transmittance spectrum of the region of interest.

In the ‘‘single wavelength detection mode’’, either a
continuous wave (CW) or probe laser pulse at a certain
wavelength can be used. Alternatively, a single wave-
length can be selected from a ‘‘white light probe pulse’’
by a monochromator. Then, the transient absorption
changes at the chosen wavelength can be detected by
simple and inexpensive devices such as photomultiplier
tubes (PMT) or photodiodes. The CW probe can be mon-
itored kinetically with an oscilloscope, for example. The
experimental convenience of single channel transient
measurement is balanced by the necessity of avoiding
confounding baseline changes.

More complete kinetic information can be obtained by
simultaneously recording transient absorption spectra
over larger spectral regions. This measurement requires
a reliable pulsed ‘‘white light’’ source as well as a spec-
trometer coupled to a multichannel detector such as a
photodiode array or charge-coupled device (CCD, ICCD)
camera, etc.

Pulsed flashlamp(s) can be used to generate such a
‘‘white light’’ pulse. The modern commercially available
lamps can cover the spectral range from UV to NIR
(;160 to 2000 nm), providing relatively stable high in-
tensity pulses. These pulsed lamps are, at present, limited
to .100 ns time resolution.

In the work here we describe the construction of a
simple UV–visible NIR transient absorption spectropho-
tometer built from simple, relatively inexpensive com-
mercially available off-the-shelf equipment. This absorp-
tion spectrometer can also be easily reconfigured to op-
erate as a transient fluorescence spectrometer or laser-
induced breakdown (LIBS) spectrometer.

We initiate the transient absorption spectral changes by
a nanosecond Nd:YAG laser either by using a tempera-
ture jump, which derives from absorption of a single IR
laser pulse by the solvent, or we can initiate photochem-
istry by NIR, visible, or UV nanosecond light pulses. The
spectrograph utilizes a XeF pulsed flashlamp as the tran-
sient white light source, which transmits through the sam-
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TABLE I. Nd:YAG wavelengths easily obtained by harmonic generation and/or Raman shifting in H2 gas available to pump a desired
sample.

Nd:YAG
harmonics Fundamental 2nd harmonics 3rd harmonics 4th harmonics 5th harmonics

2nd Stokes 954 nm 503 nm 341.5 nm 258.5 nm
1st Stokes 1.9 mm

2.2 mJb
683 nm 416 nm 299 nm 233 nm

Direct output 1064 nm
100 mJa

532 nm
65 mJa

355 nm
32 mJa

266 nm 213 nm

1st anti-Stokes 738 nm 436 nm 309 nm 240 nm 195.5 nm
2nd anti-Stokes 565 nm 369 nm 274 nm 218 nm 180.8 nm
3rd anti-Stokes 457 nm 320 nm 246 nm 200 nm
4th anti-Stokes 384 nm 282 nm 223 nm 184.5
5th anti-Stokes 331 nm 253 nm 204 nm

20 mJa

a All pulse energies were measured for a 100 mJ per pulse energy for the Nd:YAG fundamental at 100 Hz; the maximum fundamental pulse energy
of Nd:YAG Infinity laser is 500 mJ.

b This value of 2.2 mJ/pulse was measured at ;50 mJ per pulse of the Nd:YAG fundamental at 90 Hz.

FIG. 1. Experimental setup for transient absorption measurements ini-
tiated either photochemically or by laser-induced temperature jump.

ple and is then coupled into a miniature fiber-optic spec-
trograph. The spectrum of the transmitted light is moni-
tored between 200–1700 nm (Ocean Optics USB2000:
200–1100 nm) by coupling the spectrograph to a multi-
channel detector. As discussed below, this apparatus can
be utilized to study a large variety of chemical and bio-
chemical processes.

INSTRUMENTATION

Description of Transient Absorption Setup. The
transient absorption of the sample can be initiated con-
veniently by the 1064 nm fundamental output of a Co-
herent Radiation Infinity Nd:YAG laser or by its har-
monics, and/or by its Raman shifted lines in hydrogen
gas.10,13,33,42,50–63 The wavelengths easily available for
pumping are shown in Table I. Table I also shows the
pulse energies (where available) that can be generated
using 100 mJ fundamental pulses at a 100 Hz repetition
rate of the Nd:YAG Infinity laser (unless stated differ-
ently). It should be noted that pulse energies given in
Table I are not the maximum powers that can be gener-
ated, since the Nd:YAG Infinity laser can provide up to
500 mJ fundamental pulses.

The Nd:YAG fundamental at 1064 nm can be used
directly to excite a temperature jump by exciting over-
tones of solvents. However, we generally utilize the easily
generated 1.9 mm excitation, which is strongly absorbed
by both water and D2O. This excitation wavelength is
efficiently generated by Stokes Raman shifting the 1064
nm YAG fundamental in high-pressure (;1000 psi) hy-
drogen gas. The YAG harmonics at 532 nm in the green,
at 355 in the near UV, and at 266 nm in the mid-UV, as
well as the fifth harmonic at 213 nm can also be gener-
ated by the YAG laser. In addition, there are numerous
additional Raman shifted lines that can be used to excite
electronic absorption bands throughout the UV and vis-
ible spectral regions (Table I).

As shown in Fig. 1 the output of the Nd:YAG laser,
which may have been Raman shifted, was filtered by us-
ing a Pellin Broca prism and then diffusely focused
through a thin sample cell (;1 mm) at an angle ;108
from the normal. The output of the polychromatic light
from a XeF IBH5000 flashlamp (HORIBA Jobin Yvon
IBH Ltd; Glasgow, UK) was incident normal to the sam-
ple cell and focused to transmit through the volume ex-
cited by the YAG pump beam. We normally operate the
XeF IBH5000 flashlamp between 750 and 850 volts.

The timing between the pump and probe beams was
controlled electronically. The firing of the Nd:YAG laser
initiates a TTL pulse that can be delayed from a few
nanoseconds to 6 ms times. This TTL pulse initiates fir-
ing of the XeF flashlamp at the desired delay time. The
minimum time resolution is limited to ;200–300 ns be-
cause of the XeF flashlamp $120 ns temporal pulse
width and because of the ;50 to 200 ns jitter between
the YAG pulse and XeF lamp pulse. The latter jitter oc-
curs because the external lamp trigger does not directly
control the instant the XeF flashlamp fires; rather, it be-
gins the sequence of events that ultimately results in the
XeF lamp output. We find that the magnitude of the jitter
delay can be partially controlled by the voltage applied
to the XeF flashlamp. The jitter delay is decreased by
increasing the lamp voltage.

We measured transmission of individual XeF flashlamp
pulses through the sample by using an Ocean Optics
USB2000 Miniature Fiber Optic Spectrometer. The fiber
contains a collection lens that focuses the light into a
small spectrograph, which disperses the light over the
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FIG. 2. Estimated T-jump values in D2O (1 mm cell) for different
diameters of 1.9 mm IR heating pulses with an energy of 2 mJ per
pulse. We used D2O absorbance of 6 cm21 and a heat capacity of 3.8
J/g.

FIG. 3. Schematic diagram of the volume-phase transition of PNIPAM
particles in CCA. The shrunken particles at T . 33 8C diffract light
more efficiently than the swollen ones at T . 33 8C.

face of a photodiode array detector. This USB2000 spec-
trograph specifically covers the spectral range between
200 and 1100 nm with a resolution from 0.3 to 9 nm
depending on its particular configuration. Use of a
NIR512 Ocean Optics Fiber Optic Spectrometer would
allow us to extend the measured spectral region up to
1700 nm.

The spectrometer separately measures the sample
transmission at the appropriate delay of the XeF flash-
lamp pulse in the presence and absence of the pump
beam. In the case of UV or visible excitation pulse, a
filter was used to reject the pump beam intensity from
scattering into the collection fiber optic. The spectrum
measured in the absence of the pump pulse was obtained
by simply blocking the pump pulse.

A dark noise spectrum was also measured under iden-
tical conditions where the pump and XeF lamp pulses
were both blocked. The dark noise spectrum was sub-
tracted from transmission spectra measured both in the
presence and absence of the pump pulse. The transient
transmission spectrum at the defined delay time is cal-
culated as the ratio of these dark-noise-corrected spectra.

Absorbance Conditions for Laser Pump Beam with
Respect to ‘‘White’’ XeF Lamp Probe Beam. We con-
trolled the concentrations of our transient samples such
that only modest attenuation of the pump beam occurred
as it passed through the sample such that the photochem-
istry or T-jump was relatively uniform along the sample
depth. For the T-jump, where the excitation was indepen-
dently absorbed by the solvent, we were able to indepen-
dently adjust the analyte concentration to maximize the
absorption measurement signal-to-noise (S/N) ratio.

These considerations determine the sample concentra-
tion, sample thickness, and choice of solvent. For the T-
jump measurements we optimized the D2O/water concen-
tration to set the required NIR absorption.

T-jump Measurements. The output of the YAG laser
fundamental at 1064 nm YAG (;50 mJ) was Raman
shifted to the first H2 Stokes harmonic at 1.9 mm by using
a 1 m Raman shifter (Light Age Inc., 1000 psi H2) to
obtain a ;2 mJ pulse energy. This 1.9 mm excitation
beam is strongly absorbed by water and/or D2O combi-
national tones/overtones and the energy is thermalized
within picoseconds by vibrational relaxation.7

Pure water shows a 1.907 mm absorbance of ;40/cm,10

which requires using pure water samples of ,100 mm
sample thicknesses. Alternatively, one can dilute H2O

with D2O, which absorbs much less, ;6/cm, and use the
appropriate D2O/water mixtures for thicker samples. It
should be mentioned that we utilize 6 cm21 D2O absor-
bance measured using the Cary 5000 UV-VIS NIR Spec-
trophotometer, which is significantly lower than reported
earlier by other groups.42,50

The value of the T-jump occurring in the polymerized
poly-N-isopropylacrylamide hydrogel particles (PNI-
PAM) in D2O in a 1 mm sample cell after the arrival of
a single 1.9 mm IR pulse is a function of IR beam di-
ameter and can be estimated from Fig. 2. We chose to
focus the 2 mJ 1.9 mm laser pulses to a ;300 mm di-
ameter, since such a relatively large diameter simplifies
the probe beam focusing into the heated volume and al-
lows us to obtain acceptable T-jumps of DT ø 5–6 8C.

We verified the magnitude of the T-jump by measuring
the pump beam energy before and after the sample. We
also measured the steady-state spectra at different tem-
peratures to compare them to the spectra recorded after
the arrival of the IR heating pulse at essentially infinite
delay times. Measurements in the absence of the pump
pulse demonstrated that negligible sample heating occurs
from the XeF lamp pulse.

355 nm Excitation Measurements. In this mode, the
apparatus pumps a sample with 3 ns pulses at 355 nm
(3rd harmonics of Nd:YAG laser) at any desired pulse
energy up to ;150 mJ and at any desired frequency be-
tween 0.1 to 100 Hz. We delayed the XeF flashlamp with
respect to the 355 nm laser pulse exactly the same way
as described above for our instrument in T-jump mode.
Analogously to the T-jump mode, we recorded the tran-
sient absorbance/transmittance changes using an Ocean
Optics USB2000 Miniature Fiber Optic Spectrometer to
monitor the spectral changes between 200 and 1100 nm.

RESULTS

Monitoring the Rate of PNIPAM Optical Switching.
We examined the rate of the volume-phase transition
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FIG. 4. Extinction time evolution for a PNIPAM PCCA sample after
a T-jump from T 5 30 8C to T 5 35 8C. The fcc (111) diffraction peak
maximum occurs at 605 nm. Spectra were measured at the times listed,
subsequent to the T-jump. The inset displays difference spectra that
highlight the T-jump spectral changes.

FIG. 5. Typical photochemistry of free azobenzene and its derivatives
in solution. UV radiation induces the cis form, while VIS radiation
induces the trans form. Both these transitions are reversible.

from a face-centered cubic array of PNIPAM particles
polymerized in a hydrogel (Fig. 3). PNIPAM particles
have been demonstrated to undergo a temperature-in-
duced volume-phase transition.65 At temperatures below
the lower critical solution temperature (;33 8C) this poly-
mer is highly swollen. However, an increase in temper-
ature expels water from the polymer network and the
particle volume dramatically shrinks. This volume-phase
transition can be monitored by changes in the light scat-
tering of these particles in a crystalline colloidal array
(CCA) (Fig. 3) due to the resulting increase in the re-
fractive index of these particles.13,14,65

We polymerized a face-centered cubic CCA of PNI-
PAM nanogel particles65 into a macroscopic acrylamide/
bisacrylamide hydrogel using a procedure described ear-
lier.66 This polymerized CCA (PCCA) diffracts light in
the visible spectral region due to the spacing between
particles.65 The individual PNIPAM nanogel particles still
are able to undergo their individual volume-phase tran-
sitions.67

The acrylamide/bisacrylamide hydrogel constrains the
centers of mass of the nanogel PNIPAM particles within
the face-centered cubic (fcc) lattice and keeps the spacing
between these centers of mass approximately con-
stant.13,66 Thus, for this sample the volume-phase transi-
tion induced by a temperature increase will result in a
strong increase in the diffraction peak intensity due to
shrinkage of the individual PNIPAM particles in a poly-
mer network, without a change in wavelength.13,65 The
increased diffraction efficiency will result from the
shrinkage of the particles, which gives them a larger di-
electric constant. This results in an increase in the peri-
odic modulation of the PCCA dielectric constant. We ex-
pect the diffraction switching will occur in the nanosec-
ond time domain.13,14

For the PNIPAM PCCA we examined a sample of 1
mm thickness containing polymerized particles (spheres)
in pure D2O solution (assuming a face-centered cubic
(fcc) lattice).13,65 In this case about 75% of the 1.9 mm
heating pulse energy was absorbed in the 1 mm sample
thickness.

Figure 4, which is adapted from Reese et al.,13 shows
the ability of our instrument to detect the transient dif-
fraction changes in PNIPAM-based PCCA initiated by a
3 ns T-jump from 30 to 35 8C. This figure shows the
evolution of extinction (2log T) as a function of delay
time subsequent to the 1.9 mm heating pulse. The inset
in Fig. 4 shows the difference spectra between the kinet-
ically measured spectra and the initial ‘‘steady-state’’ ab-
sorption spectrum at 130 8C. The extinction increases
with increasing delay times at all wavelengths, with the
largest increase for the 111-plane diffraction peak (l111

; 605 nm). The extinction at wavelengths .l111 increas-
es less than that at wavelengths ,l111.

At l # l111 the extinction kinetics show at least three
components with characteristic times of ;900 ns, ;20
ms, and ;140 ms, respectively. The fastest and ‘‘middle’’
components are responsible for ;25% of the entire ki-
netic changes each, while the slowest component ac-
counts for ;50% of the transient absorption changes. At
l , l111 there is a slight increase in the slow component
contribution compared to that at l 5 l111.

This multi-exponential shrinking may result from dif-
ferences in composition of the interior versus the periph-
ery of these nanogel particles.14,68–74 The periphery of
these particles may have fewer cross-links and be more
hydrophilic than the core. The osmotic pressure that ac-
tuates the shrinkage would then be spatially inhomoge-
neous, which could lead to complex kinetics.

Monitoring 355 nm Pump Trans–Cis Diffraction Ki-
netics in Azobenzene PCCA. It is well known that the
azobenzene derivatives normally exist in their trans
ground state conformations at room temperature in the
dark.12,75,76 This trans conformation shows a strong ab-
sorption maximum at ;340 nm, which results from its p
→ p* (S0 → S2) transition.77–79 Upon excitation with UV
light, the trans azobenzene derivative(s) isomerizes with-
in picoseconds to the cis form.12,47,77–83 This trans-to-cis
transformation is accompanied by a strong decrease in
the ;340 nm absorption (Fig. 5). Many azobenzene de-
rivatives show a large barrier to isomerization in the
ground state. Thus, if the cis state were formed it could
remain for weeks until it thermalized over the barrier to
trans.12

The cis-azobenzene derivatives show an absorption
band at ;435 nm, which results from its n → p* (S0 →
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FIG. 6. Schematic diagram of the volume-phase transition in PCCA
functionalized by covalently attached azobenzene. UV radiation ulti-
mately causes the hydrogel network to swell, which can be monitored
by the up-shifts (red-shifts) of the diffraction peak from the (111) plane.
Visible radiation causes the polymer network to shrink and restores the
original diffraction.

FIG. 7. (a) PCCA in dark (black), at the indicated time subsequent to excitation by one 3-ns 355-nm pulse (red), and after 1 min (blue). (b)
Absorption spectral changes in the second time regime.

S1) transition.77,84 Excitation of the cis derivative(s) within
this transition with visible light induces a cis-to-trans
transition (Fig. 5).12,77,84 For our azobenzene derivatives
the trans–cis and cis–trans transitions were completely
reversible upon sequential UV and visible radiation (Fig.
5).

A PCCA with covalently attached azobenzene was
shown to undergo reversible transmission changes upon
sequential UV and VIS light irradiation (Fig. 6).12 The
formation of the cis-azobenzene derivative attached to the
hydrogel of the PCCA causes the hydrogel to swell and
to red-shift the (111) plane diffraction maximum from
;445 nm to ;460 nm for that particular PCCA.12 In con-
trast, visible irradiation causes the azobenzene to switch
back to its trans form, causing the hydrogel to shrink and
restore its original diffraction maximum at ;445 nm.12

We measured transient absorption of the PCCA with
covalently attached azobenzene by using the third har-
monics of a Nd:YAG laser (355 nm). We used the sam-
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ples of 0.2 mm thickness and with azobenzene concen-
trations of 4.5 mM as described in detail elswhere.12

Figure 7, which is adapted from Kamenjicki et al.,12

shows the time evolution of the diffraction from a PCCA
with attached azobenzene (initially in the trans confor-
mation) as a function of delay time between the 355 nm
pump pulse and XeF lamp probe pulse. The complicated
behavior of the photochemical response of PCCA with
attached azobenzene is discussed in detail elsewhere.12

Briefly, azobenzene undergoes a fast subnsecond trans-
to-cis transition,47,78–83 which starts the sequence of events
in the PCCA, which occur at different timescales from
nanoseconds to seconds, and finally results in the shift of
the (111) plane diffraction peak from ;445 to ;460 nm
for this particular PCCA.12 In addition, we observe a fast
(within the 300 ns deadtime of the instrument) absor-
bance decrease at ;360 nm due to conversion of azo-
benzene to its cis form. This is consistent with azoben-
zene photoisomerization studies that report picosecond
photoisomerization.47,78–83

Thus, our transient absorption instrument is able to
monitor the kinetics between 300 ns and minute time
scales and can serve as an important tool for studying a
variety of chemical and biochemical processes as dis-
cussed above.

CONCLUSION

We have developed a powerful, simple, and convenient
instrument that allows us to monitor fast and slow tran-
sient absorption/transmission changes in the time range
from ;300 ns to minutes. This instrument can be used
for temperature-jump studies (utilizing NIR heating puls-
es) as well as for photochemical excitation studies with
excitation from the deep UV to visible using the har-
monics of the Nd:YAG laser as well as Stokes and/or
anti-Stokes harmonics in H2 gas (Table I). The absorp-
tion/transmission changes can be monitored in the range
from 200 to 1700 nm.
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