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Resonance Raman intensity analysis was used to investigate the initial excited-state nuclear dyr@asnics of
and trans-azobenzene following ;S(nz*) excitation, and fluorescence quantum yield measurements were
used to estimate the excited-state lifetinteans Azobenzene exhibits the strongest Raman intensities in its
skeletal stretching and bending modes, while torsional motions dominate the nuclear relaxation of
cis-azobenzene as indicated by intense Raman lines at 275, 542, 594, and 7.78mwvery weak fluorescence
quantum yield forcis-azobenzene is consistent with #5.00 fs electronic lifetime whilérans-azobenzene,

with a fluorescence quantum yield of 1:x110°°, has an estimated, $fetime of ~3 ps. The absorption and

Raman cross-sections of both isomers were modeled to produce a harmonic displaced excited-state potential
energy surface model revealing the initial nuclear motions on the reactive surface, as well as values for the

homogeneous and inhomogeneous linewidths.di®azobenzene, this modeling predicts slopes on the S

potential energy surface that when extrapolated to the position of the harmonic minimum give excited-state

changes of~6—20° in the CNNC torsion angle and=a3° change in the CNN bending angle. The relatively

large excited-state displacements along these torsional degrees of freedom provide the driving force for ultrafast

isomerization. In contrast, the excited-state geometry changeansfazobenzene are primarily focused on
the CNN bend and CN and NN stretches. These results support the ides#metbenzene isomerizes rapidly
via rotation about the NN bond, while isomerization proceeds via inversiotrdns-azobenzene.

1. Introduction

Azobenzene is an attractive molecular transducer for light-
driven devices and optical switches due to the large but

reversible changes in its electronic dipole and molecular shape

that occur upon isomerizatidnAzobenzene has been used to
develop optical storage devicés regulate ion channels in the
ligand-binding domain of proteinsand to control the inter-
conversion between peptide conformatiéf3hese light-driven

as a result of the nonplanarity of the molectii€onversion
between the isomers can take place via torsion about the NN
bond, similar to the mechanism observed in stilbkhey; via
inversion analogous to the isomerization of imifes.

To understand the isomerization mechanism and dynamics
of trans-azobenzene, extensive theoretical and experimental
studies have been performed. The measuidifieBme of trans
azobenzene ranges from 1 to 30 ps and is solvent-depéefcént.

applications are facilitated by the distinct absorption bands of Until recently, isomerization dfans-azobenzene was generally
the cis and trans isomers that allow for selective conversion thought to proceed via inversion when excited into!%822

and are robust even after multiple photocycdié4.5 However,
the isomerization quantum yields are below 60%and there

This conclusion was supported by studies of rotationally
hindered azobenzene derivatives that maintained the same

is still considerable debate regarding the mechanisms and ratessomerization quantum yields despite elimination of the rota-
of the isomerization process. Studies aimed at determining thetional pathway? Additionally, Raman intensity calculations have
isomerization mechanism and dynamics of azobenzene areindicated that the early time dynamics in Sre along the

needed to understand and optimize its photoswitching capabili-

ties.

trans-Azobenzene is planar in the ground state with an
absorption spectrum consisting of a strongly allowed transition
to0 S (€317 = 16 980 Mt cm™1, photoisomerization quantum
yield ¢—c = 0.10) and a weakly allowed transition tq@ @449
= 405 Mt cm™, ¢ = 0.25)78In contrast, the ground state
of cis-azobenzene has a CNNC dihedral angle 620! The
absorption spectrum afis-azobenzene exhibits a moderate S
band at~290 nm € = 4980 Mt cm%, ¢y = 0.27) and a
weaker $ transition at 434 nme(= 1295 Mt cm™, ¢y =
0.56)7:2 The greater absorption cross-section for tad&hd in
cis-azobenzene as compared to thatrahsazobenzene is likely
due to intensity borrowing from the allowed transition
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inversion coordinaté® and ab initio calculations have also
suggested inversion to be the dominant path#&&yHowever,
isomerization via inversion has recently been challenged by a
number of independent calculations that favor rotation because
it is barrierless and has ag/S; curve crossing at a CNNC angle

of ~90°.26-31 |n contrast, the inversion coordinate is predicted
to have a 9.6 kcal/mol barrier, and the &d § surfaces do

not crossi! Recent femtosecond anisotropy measurements also
suggest that the rotational pathway is dominant in nonviscous
solvents, such as-hexane?! However, fluorescence up-conver-
sion and calculations suggest that the inversion coordinate
becomes dominant for rotationally hindered azobenzé&h&s.

In contrast to the trans isomeis-azobenzene isomerizes on
the femtosecond time scale, making direct observation of the
dynamics more challenging. However, femtosecond transient
absorption studies have measured théf&time to be~100—
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170 fs1720 consistent with the short excited-state lifetime by comparison of the solvent peak intensities in the presence
obtained from simulations employing surface hopping and full and absence of azobenzene.

multiple spawning method®.Additionally, CASSCF ab initio To measure the fluorescence spectrace and trans

and time-dependent density functional theory calculations have azobenzene, samples were prepared in the @2 mM range
found that the Spotential energy surface in the FrargRondon (OD = 0.03 at the sample point) and recirculated through a
(FC) region is steep and barrierless along the rotational 1.1-1.4 mm i.d. capillary with a flow rate of~2 mL/s.
coordinate?$31 Few spectroscopic studies investigating the Fluorescence spectra with excitation at 458 n¥8.6 mW) were

isomerization mechanism have been performedisazoben- collected at 990 and detected with a scanning double mono-
zene, and the majority of the mechanistic information has been chromator (Spex 1401) and photomultiplier. The entrance and
obtained from calculations. exit slits were 40Qum, resulting in a 10 cmt spectral bandpass.

Here, we present a quantitative comparison and analysis of Spectra were acquired in 10 cfnsteps wih 2 s accumulation
resonance Raman spectramins andcis-azobenzene with the  time per point.
goal of determining the coordinate along which the initial 2.2. Resonance Raman Intensity Analysig\bsolute Raman
reaction dynamics occur. The absolute resonance Raman crosssross-sections focis- andtrans-azobenzene were determined
sections of both isomers are reported, and vibronic analysis wasas described previous#y.Briefly, the integrated areas of the
performed to develop a complete FC synthesis of the excited- azobenzene peaks were compared to the integrated area of a
state vibrational structure and homogeneous and inhomogeneoustandard band (ethanol’s CO stretch band at 881 cavs
linewidths. Additionally, the fluorescence spectra were mea- 3Q = 3.00 x 10~1* A%molecule/steradian at 488 nm excita-
sured, and StricklerBerg analysis was used to estimate the S  tion).3¢ The differential cross-section for the ethanol CO stretch
excited-state lifetime dfans- andcis-azobenzene. These results at all excitation wavelengths was determined by extrapolating
are critically compared with the various models for excited- from the measured value at 488 nm, assuming that the scattering

state isomerization dynamics ois- andtrans-azobenzene. cross-section was proportional t@®, wherevs andv_ are
the frequencies of scattered and laser light, respectively, and
2. Materials and Methods are given in Table 3. The differential cross-section of the

Q

Re [* dtiili(pe " EF N (2)

) ) ) standard band is related to the absolute Raman cross-sections

Solutions of azobenzene (Sigma, 99%) prepared in ethanol ot a70henzene by eq 1:

(Aldrich, 99% anhydrous) consisted of a mixture of the trans

and cis isomerscis-Azobenzene was prepared in a darkroom 81 (14 20) [ (VL = Vazo|® [ Pazo| [ Cstd| (95t

by irradiating the solution containing a mixture of isomers on %= 3 71 5|\ —» Al g V8 e (1)

ice with a Blak-Ray long-wave UV lamp (365 nm) until the P Lo e ] \az

absorption max shifted from 317 t6306 nm, indicating thata  \yherey,, andvyqare the vibrational frequencies of azobenzene

majority of azobenzene was in the cis configuration. Using 54 the ethanol standard bardzo and A are the integrated

known extinction coefficients for each isomer at 317 and 434 areas, andsg and Cay are the concentrations for ethanol and

nm (ez17 = 2520 Mt cm™* and €434 = 1295 M-t cm™* for azobenzene. The depolarization ratiestor all bands of both

cis-azobenzene anek;; = 16 980 M cm* and 43, = 400 azobenzene isomers in ethanol were measured and found to be

M~1cm~1 for trans-azobenzene in ethandloncentrations of 1/3, as expected.

each isomer were determined. Samples produced by this method  Raman excitation profiles (REPs) were calculated using the

were~80% cis anc~20% trans. Samples prepared by disSONV- {ime_gependent wave packet formalism of resonance Raman

ing solid azobenzene in_ethanol_had a composition that Was RR) intensities? The absorption cross-sectiony, is deter-

~80% trans and~20% cis and did not change when left at nineq by a Fourier transform of the overlap of the initial

room temperature or exposed to room light. vibrational wavefunction propagating on the excited-state
For Raman experiments, 6:2.5 mM solutions of azoben-  gyrface i(t)[] with the stationary initial staté((eq 2), and the

zene were recirculated with a peristaltic pump through a1.1 - Raman cross-sectionsg, are determined by the square of the

1.4mmi.d. capillary at a rate of 3 mL/s to yield a photoalteration pajf-Fourier transform of the overlap of the final stationary

parameterF, of <0.05 using quantum yields of 0.45 and 0.36 yjprational statgfCwith |i(t)d(eq 3):

for cis and trans excited in the; ®and and the illumination

conditions defined nextSolutions oftis-azobenzene were kept 8rE eM? .,

on ice and illuminated with a UV lamp during spectral o, = S —. j; dE x

acquisition to maintain the 80% cis composition. The temper- 6i“cn(0 @)

ature of the solution at the optical sampling point wak0 °C. F{_(E _ Eo)2

Thermal cis— trans isomerization did not occur over the course ex 5

of the experiment due to the long half-life of cis in the dark 20

(96 h at room temperaturé) Additionally, heating of the sample 3 a4

due to the laser was not expected to drive the thermat-cis _ 8rESE EM” . dE

trans isomerization because the thermal barrier is significant OR= %604(0 \/2_71) j(‘) x

(~20—27 kcal/mol)3* and the samples flowed rapidly. .
2.1. Optical System Continuous excitation at 406, 458, 488, exp{_(E ) ]| f°° dtrfict) @7F(;2t2/h2ei(EL+ei)tlh|2 ®)

and 496 nm was obtained with an*Aor Kr* laser; the focused 262 0

beam at the sample had a diameter ofu®0 and a power of

~2 mW. Scattering was collected at°9@nd focused onto the  whereE, andEs refer to the frequency of the laser and scattered

entrance slit of a Spex 1401 double spectrograph. The dispersedadiation in centimeters, M is the transition dipole in

light (8 cnm! resolution at 800 nm) was imaged on a liquid angstromsky is the zere-zero energy in centimetery ¢ is

nitrogen cooled CCD (Roper Scientific LN/CCD 1100). All the vibrational energy of eigenstate I'c is the Gaussian

spectra were corrected for the instrument response and self-homogeneous line width, arftlis the inhomogeneous broaden-

absorption effects. Self-absorption corrections were determineding. The time-dependent overlaps depend parametrically upon
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a set of dimensionless displacememy between the ground -1_ 9, 2— 31
and the excited states along the normal coordinates that are Trag = 2:88> 10T T, féd(ln V) (7)
coupled to the electronic transition.

Raman intensity calculations were carried out to model the
experimental data by initially entering estimates of the relative
deltas obtained from the intensities of the observed vibrational
bands assuming A2. The overall scaling oA, homogeneous _
broadening s, inhomogeneous broadenifigzero-zero energy [y 3q\/1 - flf(v)dV/flf(V)lvst (8)
Eo, and transition dipoléV were then adjusted to provide the
best fit to the overall shape of the absorption spectra and
resonance Raman cross-sections.

The A values obtained from these calculations can be use
to determine the excited-state Cartesian displacement along a _

ific i i i : Py = T/t )
specific internal coordinate from the following equati®n:

wheren is the index of refractione is the molar extinction
coefficient, v is the frequency in centimeters and @, ° is
calculated from the following equation:

whereli(v) is the fluorescence spectrum as a function of energy,
v. Using the natural radiative lifetime, the excited-state lifetime
d is estimated from

1 3. Results

0; = 5.80652 Aoy TN 4) )
] 3.1. Raman Spectra otis- and trans-AzobenzeneRaman

spectra of azobenzene solutions with different cis and trans

whered; is the ground- to excited-state geometry change along ISOMer compositions are compared in Figure 1. The isomer
internal coordinaté with units of angstroms for bond length ~ concentrations were changed by exposing predominantly cis
changes and degrees for angle changgss an element of the ~ Samples to room light for 0, 5, 10, 25, and 60 min. The
matrix relating the normal coordinateg, to the internal assignment of the cis and trans bands was made by comparison

coordinate basis seit,; is the frequency of the normal mode;  ©f Peak intensity changes with compositional changes. Most
and A is the dimensionless displacement along a normal obvious are the five intense bands at 275, 542, 594, 621, and

coordinatej. Optimization and frequency calculations using //8 ¢ that decrease dramatically as cis converts to trans.
Gaussian 0% for each of the isomers yielded a basis set of As the relative amount of cis decreases, a broad band at 1134
normal modes. Elements of tig matrix were determined by cm* decreases, and a sharper band centered at 1143ycows

conversion of the displacements from the normal mode basisin @mplitude. The intensity of the 1512 cfband decreases,
set to an internal coordinate basis set. and the band intensities at 1472 and 1492 tincrease with

2.3. Determination of Fluorescence Quantum YieldThe the higher trans concentration. Additionally, the 1440 €rand

absolute fluorescence intensity of azobenzene was determined’OWs in as a shoulder on the residual ethanol peak at 1450
by comparison of the integrated area of the azobenzeneCM ' With increased trans concentration.

fluorescence spectrum to that of the ethanol CH stretch bands. ~Kinetic analysis of the Raman intensities of each azobenzene
The absolute Raman cross-sectiog, for the CH stretch (2880 banql asa funcyon of exposure time aIIovys bands to be a§S|gned
cm~*band) was 1.5 10-12 AZmolecule at 488 nm excitatic. to e|ther _the cis or the trans isomer. Figure 2 shc_st isomer
Using the CH stretch of ethanol as a standard, the fluorescencecomposition as a function of light exposure. With longer

quantum yield, @y, of cis and transazobenzene can be €xposure times, more of the cis isomer converts to the trans
determined from the following equation: conformation as shown in panel a of Figure 2. Fitting these

points to a single-exponential function reveals a time constant
lg Ouq Cog of 0.13 _s*l. Ar!a_llogous fits were obtz_ained for the _char\ges in
Oy =———k (5) Raman intensities as a function of time (panel b in Figure 2)
lsta Ta Cazo for the 778 cm cis and 1492 cmt trans bands. On the basis
of this kinetic analysis, vibrational bands due solelycie-
where I is the integrated fluorescence intensityy is the azobenzene were 275, 542, 594, 621, 778, 1134, and 1512 cm
integrated Raman intensity of ethanol’s CH stretch band at 2880and bands due ttransazobenzene were 1000, 1143, 1183,
cm 1, ogqis the absolute Raman cross-section for the standard 1440, 1472, and 1492 cth The 1592 cmt band has contribu-
peak, o, is the absorption cross-section of azobenzene at thetions from both isomers. Vibrational assignments for these
excitation wavelength (0.0352%or cis-azobenzene and 0.014 modes (Tables 1 and 2) have been made based on our DFT
A2 for trans-azobenzene), angyandcaeare the concentrations  calculations as well as literature valués.
of ethanol and azobenzene, respectively. Additionally, a cor- 3.2, Comparison of the Resonance Raman Features of
rection for the difference in the depolarization ratio between trans- and cis-Azobenzene.The 406 nm resonance Raman
ethanol Raman and azobenzene fluorescence scattering musipectra of pureis- andtrans-azobenzene obtained by subtract-

be applied and is given by ing the interfering isomer and solvent bands are presented in
Figure 3. The most notable featurestEns-azobenzene occur
= (1 + 2p) /(1 + Zp) ©6) at 1143 cm* (CN stretch), 1440 cm (NN stretch), 1472 cmt
1+p/a\l+4p)sd (CC stretch), and 1492 crh (CC stretch). Smaller bands are

also present at 1000, 1183, 1315, and 1592'and correspond
In the case ofrans-azobenzene, the depolarization ratipyas mostly to CC bends/stretches (Table 1). In contrast, the most
measured to be-0.39+ 0.4, resulting inc equal to 1.2. Given intense peaks focis-azobenzene occur at 275 th(CCNN
the ultrashort lifetime ois-azobenzene, the depolarization value torsion), 542 cm® (NNC bend), 594 cm! (CNNC torsion),

is not expected to differ significantly from 0.33. and 778 cm! (CCCH torsion) with less intense bands occurring
2.4. Strickler—Berg Analysis and Calculated Excited-State at 1134 cm? (CN stretch), 1512 cmt (NN stretch), and 1592
Lifetimes. The natural radiative lifetimer,,g can be ap- cm~1 (CC stretch). The band assignmentsci$ and trans

proximated by utilizing the absorption and fluorescence spectraazobenzene in Tables 1 and 2 reveal several interesting
according to the StricklerBerg relationshig® vibrational shifts. For example, the weak NN stretch is found
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400 600 800 1000 1200 1400 1600 Figure 2. Analysis of azobenzene isomer composition as a function
Raman Shift (cm™) of exposure time to room light. Panel a shows the percentage of trans
and cis isomers as a function of light exposure as determined by

Figure 1. Resonance Raman spectra of mlx_tures:lsf ant_jtrans absorption spectra. The trans isomer exponentially grows in with a
azobenzene in ethanol. Various ratios of the cis and trans isomers were

- - . .~ ~constant of 0.13 8. Panel b shows the relative intensity of the
produced by exposing a previously prepared cis sample to room light o, o 0131y 778 et cis-azobenzene and 1492 chtrans-azobenzene
Iﬁr O’. 5 1cci)t 25, a_nd 60 min (trac7e837532, rebspjé:_tlsvsely). gg%;at'gszog_w bands as a function of time. The exponential fit to these points also
€ cis and trans isomers are (a) 78:22, (b) 45:55, (¢) 39:61, (d) 23:77, ,/ijes a constant of 0.13 On the basis of such a kinetic analysis,
and (e) 19'81 as determlne'd b_y the absorption spectra. Spectra wer he various bands labeled in Figure 3 have been assigned to @gher
acquired with 458 nm excitation, and ethanol solvent peaks were

. or transazobenzene. Error in the Raman intensity amounts to ap-
subtracted. The residual ethanol CO stretch peak{825 cnt?) was : ] :
truncated, and asterisks mark other residua?solvfant Iines.) proximately 2% and is represented by the size of the symbols.

L . . TABLE 1: Excited-State Displacements and Mode
at 1512 cm? in cis-azobenzene and shifts to 1440 ¢nn trans Descriptions for trans—Azoberrw)zene
azobenzene with much more intensity. The CN stretch also shifts
from a broad band at 1134 crhin cis-azobenzene to a more

exptl DFT calcd

: frequency frequency best fit
narrow band centered at 1143 cthin trans-azobenzene. (cm ) (cm ) DFT charactey delts
T_he resonance Raman spectra of nme&azobenzene_ Wlt!’] 1000 1015 5(CCO) 018
excitation at 406, 458, 488, and 496 nm are compared in Figure 1743 1169 W(CN) + 6(CNN) + 0.55
4. Spectra of the pure trans isomer were obtained by subtracting O0(NCC)+ 6(CCH)
the bands due to the interfering isomer and solvent. The ethanol 1183 1213 »(CN) + 6(CNN) + 0.23
CO stretch band intensity before solvent subtraction has been O(NCC) + 6(CCH)
included to show the internal standard used for calculations of 1315 1340 O(CCH)+ 6(NCC) 0.13
the absolute cross-sections. Bands at 1143, 1440, 1472, and 1492 1440 1558 V(’\(IS'ERI é_Cé)(-E’:;E\gé_H) 0.66
cm~! show the greatest intensity with Raman cross-sections on 1475 1487  w(NN)+»(CN)+ 6(CNN)+ 050
the order of 101° A%/molecule (see Table 3). Less intense bands 3(NCC) + 6(CCH)
are also observed at 1000, 1183, 1315, and 1592! amith 1492 1514 v(CC)+ 6(CCH) + »(NN) 0.40
Raman cross-sections that are an order of magnitude lower. 1594 1652 v(CC)+ »(NN) + 5(CCH) 0.23

Excitation at 406 nm results in the largest cross-sections. a; = torsion, & = in-plane bend, and’ = stretch.b {(CCCH),
Additionally, all bands are less intense than expected with §(CCC),d(CCH), andv(CC) are motions within the phenyl rings. This
excitation at 458 nm. This effect is likely due to interference labeling scheme represents several combinations of different atoms in
with the second excited state-J%nd is discussed in Section the phenyl rings¢ Indicated best-fit deltas are with = 120 cnt*, 6

43 = 1490 cm’, Eo = 21880 cm?, andM = 0.21 A,

Resonance Raman spectra of cis-azobenzene at 406, 458, 488,
and 496 nm excitation are compared in Figure 5. Th? low 3.3, Raman Intensity Calculations Raman intensity calcula-
frequency bands at 275, 542, 594, 778, and 1134"cm ions were performed to quantify the FC coupling of the
show the greatest intensities with cross-sections on the order, ;i\ i o1 modes with Selectronic excitation. The displace-
of 10719 AZmolecule (see Table 3). Three additional bands are L .
ments along the relevant vibrational modes for each isomer were

observed forcis-azobenzene with less intensity at 621, 1514, o . : .
and 1592 cmt. The most apparent differences betweasim optimized to reproduce their experimental Raman cross-sections

azobenzene anttans-azobenzene are found in the 26800 (Table 3), while simultaneously fitting the experimental absorp-

cm L region. The greater intensities of the low frequency bands tion spectrum. Using the parameters listed in Tables 1 and 2,
for cis-azobenzene show that more low frequency torsional the calculated (dotted) and experimental (dashed) absorption
modes have significant FC displacements in the excited state.spectra are in excellent agreement (Figure 6). The absorption
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TABLE 2: Excited-State Displacements and Mode
Descriptions for cis-Azobenzene
exptl DFT calcd £
frequency frequency best fit 8 *
(cm™) (cm™) DFT charactey delte
275 288 7(CCNN) 0.68 rans 406 nm J
542 548 O(NNC) + 7(NNCC) + 0.35 N
7(CCCC)+ o(CCC)
594 609 7(CNNC) + 7(CCCH) 0.45 2
621 632 0(CCC)+ t(CNNC) 0.24 g
778 788 7(CCCH)+ t(CCCC)+ 0.34 =
©(CNNC) g | 458nm J\
1134 1152 v(CN) + 6(CCH) 0.31 £
1512 1605 »(NN) + »(CC) + 6(CCH) 0.15 &
1592 1642 v(CC)+ 6(CCH) + 6(CCC) 0.15 2
ar = torsion, 0 = in-plane bend, and’ = stretch. 7(CCCH), 3
0(CCC),d(CCH), andv(CC) are motions within the phenyl rings. This x 488 nm Jk
labeling scheme represents several combinations of different atoms in
the phenyl rings¢ Indicated best-fit deltas are with = 900 cn1?, 0
= 1445 cn1l, Ep = 22375 cml, andM = 0.35 A.
(a) trans-azobenzene 496 nm JL
/© T T T T T T T

200 400 600 800 1000 1200 1400 1600
Raman Shift (cm™)

Figure 4. Resonance Raman spectrat@ns-azobenzene in ethanol

at the indicated excitation wavelengths. Spectra are presented after bands
of the interfering isomer and solvent have been subtracted. The CO
band at 881 cm' has been included (scaled by 35) to indicate the
relative magnitude of the azobenzene peaks to the solvent CO stretch
intensity before subtraction. All spectra are corrected for instrument
response and self-absorption. Spectra are normalized to have the same

(b) cis-azobenzene

Normalized Raman Intensity

o o)
10 ) § [N intensity for the CO stretch at all excitation wavelengths. Asterisks
T \ | - | mark residual solvent lines.
o
7) TABLE 3: Resonance Raman Cross-Sections farans- and
* cis‘Azobenzenéb
T T T trans-azobenzene?r &t excitation wavelength @#moleculex 10719
400 600 800 1000 1200 1400 1600 frequency (cmy) 406 nm  458nm  488nm 496 nm
Raman Shift (cm ) 1000 047 0.20 0.15 0.19
Figure 3. Comparison of purecis- and transazobenzene Raman 1143 3.69 1.58 1.45 1.50
spectra in ethanol with 406 nm excitation. Spectra are presented after 1183 0.67 0.40 0.37 0.41
the interfering isomer and solvent bands have been subtracted. Spectra 1315 0.27 0.14 0.13 0.22
are normalized for azobenzene concentration, corrected for instrument 1440 3.94 2.01 1.50 1.60
response, and corrected for self-absorption. The residual CO stretch of 1472 2.26 1.48 0.86 0.82
ethanol has been removed for clarity. 1492 1.55 1.05 0.54 0.54
1592 0.79 0.41 0.20 0.26

cross-section for the weakoSS, (nz*) transition for cis-
azobenzene is approximately 2 times greater than thiaao$
azobenzene.

Comparisons of the eight-mode Raman intensity calculation

cis-azobenzene Cr at excitation wavelength (moleculex 1079
frequency (cm') 406 nm 458 nm 488 nm 496 nm

for tran&azobenzene with the experiment_al absolute resonance 54712 g:gg i:gg 8:‘213 g:gg
Raman cross-sections are shown in Figure 7. Deltas were 594 1.61 2.10 1.01 0.97
adjusted to reproduce the resonance Raman cross-sections at 621 0.32 0.62 0.27 0.22
488 nm. For reasons discussed next, deltas were constrained 778 2.04 1.62 0.31 0.20
using the 488 and 496 nm experimental Raman cross-sections. iéig égg é-ﬁ 8gg 8-‘118
Several sets of deltas with different scalings were explored to 1592 0.49 0.39 016 017

simultaneously model the absorption and Raman profiles, while
the homogeneous and inhomogeneous broadening parameters]c at%rossl-sectiorfls of aZObeanléetne Wlefte galculated 1:_sing tffletChX) StrfetCh

H H H 1 H Or ethanol as a reterence pe Xtrapolated Ccross-sections or ethanol's
T e e, GO St 455, 5w 6. ctaon 2430 5.7

; ) &(fl“, and 2.8x 104 A2/molecule, respectively.

agreement between experimental and calculated absorption an
Raman profiles employed a homogeneous broadening of 120experimental criteria, the parameter set with the largest deltas
cm L. Attempts to use larger relative values for the displace- was used for further analysis. The presented REP$réms
ments resulted in an absorption spectrum that was too broad,azobenzene (Figure 7) employed homogeneous broadening of
and this breadth could not be reduced by any set of homoge-120 cnt! (fwhm), inhomogenous broadening of 1490 @m
neous or inhomogeneous broadenings. In the absence of otheffwhm), Eo = 21880 cnt?, andM = 0.21 A. The results of the
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Excitation Wavelength (nm)
ol =35 500 455 415 385 500 455 415 385
cis 406 nm o L L ! L 80 ! : ! L
3 9 a) 1000 cm™ 60 © 1440 cm’
N 6
* o § 40
T 0
* T ~ 37 A 20 A
“.S 0 0 1
z X by 1143 em” 36 ) 1472 cm
2 A < 50 24
g | 458nm 5 'y
= £ 254 12
§ $ 4
g 3 0 29 -] -1
4 g 12-4¢)1183cm’ g) 1492 om
2 S 18-
=] g 89 A
©
© £ 44 A 94
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A }\ g o 0
€ 44 d1315cm” 12 h) 1592 cm™
c
[}
g 2 *]
i o oA
496 nm 0 T T T T 0 T T T T
20 22 24 26 20 22 24 26
I I ] ] I I I Wavenumber (t:m'1 x 103)
200 400 600 800 1000 1200 1400 1600 Figure 7. Comparison of Raman excitation profiles (solid lines) with
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the indicated excitation wavelengths. Spectra are presented after,,ever, in most cases, the errors are small as compared to the size of
subtraction of residual trans and solvent bands to best display the o marker.

vibrational bands ofis-azobenzene. The CO stretch of ethanol (scaled

by a factor of_35) is included as a reference peak._AII spectra are  The experimental cross-sections for the trans modes are
corrected for instrument response and self-absorption. Spectra are,

normalized to have the same intensity for the ethanol CO stretch at all System.atlcally lower than the calculated REPs with 458 nm
excitation wavelengths. Asterisks mark residual solvent lines. excitation. For the 1000 and 1143 chmodes, the calculated
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cross-sections are a factor of 3 greater than the experimental
cross-sections, while for other modes, the discrepancy is a factor
of 2 at 458 nm. Since the errors in the experiment and the
variance in the calculation are small as compared to this
difference, we suggest that the differences are real and likely a
result of interference effects with the State {rzz* transition,

Amax = 317 nm).

Analogous calculations (Figure 8) were carried out disr
azobenzene using eight modes to model the absorption and
Raman cross-sections. The 458 nm resonance Raman cross-
sections were used to constrain the relative deltas, and the final
synthesis reproduced the cross-sections at all excitation wave-
lengths with the exception of 406 nm, which is discussed below.
Several sets of deltas with different scaling were used to
simultaneously model the absorption and Raman data, while
the homogeneous and inhomogeneous broadening parameters
were adjusted to maintain a good fit to the absorption. The
largest set of deltas that resulted in good agreement between
experimental and calculated absorption and Raman profiles

Figure 6. Comparison of the experimental and calculated absorption required a homogeneous broadening of 900 tmttempts to

spectra for purdrans and cis-azobenzene. Experimental absorption

use even larger deltas resulted in an absorption spectrum that

spectra of trans and cis are shown as dashed lines. Calculated absorptiofyas too broad; analyses with delta sets of smaller magnitude

spectra of trans and cis are indicated with dotted lines using the

parameters listed in Tables 1 and 2.

calculations presented in Table 1 indicate that faans

and larger homogeneous broadening are less physically realistic.
We have chosen to use the parameter set with homogeneous
broadening of 900 cmt (fwhm), inhomogeneous broadening

azobenzene, the largest displacements of 0.66 and 0.55 are imf 1445 cnt! (fwhm), Eg = 22375 cnt?, andM = 0.35 A for

the NN (1440 cm?) and CN (1143 cm?) stretching modes as

further analysis because it constitutes an upper limit for the

expected. Error bars for the experimental cross-sections includedeltas. The modes with the greatest displacementscifer
errors in the integrated area of each band. Additionally, since azobenzene are the CCNN torsiah £ 0.68) and the CNNC
some of the vibrational bands of each isomer overlap, an torsion A = 0.45) at 275 and 594 cm, respectively (Table 2).

additional ~20% error due to the presence of the interfering

The calculated intensities for many of tleés-azobenzene

isomer was estimated by evaluating the kinetic fit of cis to trans bands (594, 621, 1512, and 1592 dinat 406 nm are 24-
isomerization, such as is shown in Figure 2.

fold higher than the experimental values. The experimental
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and deltas listed in Table 2. Error bars have been included for all data

. - Figure 9. Absorption and emission spectra of azobenzene in ethanol.
points but are small compared to the symbol size.

Panel a shows sharp Raman featuresaris-azobenzene and ethanol

on top of a broad background due to trans fluorescence. The absorption
errors are small as compared to this variance, indicating that spectrum otrans-azobenzene is also shown as a dashed line. Panel b
the decreased intensities at 406 nm are significant. However,shows Raman features cf-azobenzene and ethanol on top of a weak
the 275 and 542 cnt modes (traces a and b in Figure 8) show background due to cis fluorescence. The absorption spectruwis-of
calculated intensities that are? times less than the experimental 8Z0benzene is also shown as a dashed line. The insets display the

. " . absorption and emission spectra with appropriate scaling factors to show
mteqsmes. All calculated REPs are \_/veII-f|t to t_he Raman cross- mirror symmetry. Spectra were acquired with 458 nm excitation.
sections at the three lowest excitation energies.

3.4. Azobenzene Fluorescence Quantum YieldEluores- making direct observation more challenging. Here, we obtain
cence spectra ofrans-azobenzene excited at 458 nm are information on the excited-state structural dynamics for both
presented in Figure 9a. The sharp bands around-880 and isomers by modeling the absorption and Raman cross-sections

520-560 nm are due to the Raman features of ethanol. The {0 determine the ground- to excited-state geometry changes and
broad background ranging from460—600 nm is attributed to discuss the implicat_ions of our results on possible isomeriz_ation
the fluorescence ofrans-azobenzene and is peaked~a530 pathways. T(_) obtain a more complete plcture_of the excited-
nm. Using the absorption cross-section of 0.14ak458 nm  State dynamics, the fluorescence quantum yields were also
and the CH stretch as the standard, the fluorescence quantungneasured, and the excited-state lifetimes were estimated from

yield for trans-azobenzene is found to be (1410.1) x 1075, Strickler—Berg analysis. )

From Strickler-Berg analysis (eqs-69), the natural radiative ~_ 4-1. Excited-State Dynamics oftrans-Azobenzene.The
lifetime is 7.a¢ = 300 ns, resulting in an estimated excited-state Nitial excited-state motions along internal coordinates were
lifetime of ~3 ps. determined using the FC displacements from Raman intensity

analysis. The rotation pathway should exhibit initial changes
| along the CNNC torsional modes, while the inversion pathway
should involve motion along the CNN bend internal coordinate.
One difficulty in analyzing the excited-state structural changes
from resonance Raman intensity analysis is the sign ambiguity
nfor each of the displacements. For eight displaced modes, there
are 2 possible sign combinations. To simplify the discussion,
we focus on displaced normal modes with significant contribu-
tions from the CNN bend or CNNC torsion as determined using
Gaussian 03? Exploring all the sign combinations of the four
modes with the most CNN bend character (1143, 1183, 1440,
and 1472 cm?) reveals that the CNN bend angle at the
Despite many experiments and calculations aimed at under-harmonic minimum changes in the excited state by 0.4°to 6
standing the isomerization dynamics of azobenzene, there is stillfor relative phases o — + + to + + — —, respectively. In
uncertainty concerning the mechanisms and rates of the isomercomparison, the CN bond length shows at most a 0.3% change
ization processes. Most studies have been performeathos (0.004 A), and the NN bond changes at most 0.2% (0.003 A).
azobenzene due to its stability and accessible picosecondA strong correlation between CNN angle and CN bond length
isomerization dynamics. Additional difficulty arises fois- was also found for all sign combinations; if the CN bond
azobenzene because it isomerizes on the femtosecond time scalshortens (as expected for* excitation), the CNN angle

Figure 9b presents the emission spectrursisfizobenzene
with 458 nm excitation. The sharp Raman features of ethano
are evident, while the broad fluorescence background is very
weak. Subtraction of the trans contribution from the cis spectrum
results in a weak curve with an amplitude thati$0% that of
the trans fluorescence spectrum. The cis fluorescence quantu
yield after correction for the trans component~d x 1076,
which corresponds to an excited-state lifetime-&00 fs using
the calculated 180 ns radiative lifetime.

4. Discussion



Structure and Dynamics afis- andtrans-Azobenzene J. Phys. Chem. A, Vol. 111, No. 48, 20012079

increases. Changes in the CN and NN bonds were also correlatedng to g = 16 is reached in only 80 fs, which is in good
such that shortening the CN bond resulted in elongation of the agreement with calculations and transient absorption experiments
NN bond. Although the phases cannot be unambiguously suggesting an excited-state lifetime 100-170 fs17:20.30
determined from our data alone, large changes in the CNN bend  The fluorescence quantum yield ofs-azobenzene is very
and CN stretching coordinates in the excited state are consistentyeak, suggesting that it has a subpicosecond excited-state
with motions along the inversion coordinate, in agreement with |ifetime. The cis fluorescence quantum yield is measured to be
previous worké*3° Additionally, trans-azobenzene remains ~1 x 1076 and predicts an excited-state lifetime ©200 fs.
remarkably planar with no appreciable changes along the This value is nicely consistent with direct measurements from
dihedral angles using any sign combination. Our results supporttransient absorption experiments providing a 170 fs excited-

the idea that isomerization occurs via inversion fans
azobenzene.

Although a significant amount of work has been performed
to determine the excited-state dynamicstrains-azobenzene,
the question of the Slifetime for transazobenzene is still
debated. Our measured fluorescence quantum yield of1.1
107 predicts an excited-state lifetime of 3 ps using Strickler
Berg analysis. Transient absorption experiments of azobenzen
in ethanol, DMSO, and-hexane followingwt* excitation have
found an $ lifetime of ~2—3 ps171820while early picosecond
time-resolved fluorescence measurements in cyclohexane hav
assigned the S=xcited-state lifetime an upper limit 6f30 pst®
The lifetime and reaction pathways are also known to depend
strongly on solvent viscosity varying from 1 psiirhexane to
12.5 ps in ethylene glycol as found by picosecond time-resolved
Raman and femtosecond fluorescence anisotropy stiffiés.
Our predicted excited-state lifetime of 3 ps from Strickler
Berg analysis is in good agreement with previous direct
measurements of the; Sifetime using transient absorption
techniques.

4.2. Excited-State Dynamics ofcis-Azobenzene.Initial
isomerization dynamics ofis-azobenzene are determined by

calculating the displacements along each internal coordinate

using eq 4. Three normal modes @§-azobenzene (594, 621,
and 778 cm?) have significant contributions from the CNNC
torsion internal coordinate, and there are eight possible sign
combinations that affect the magnitude of the predicted harmonic
CNNC dihedral angle change. Using these combinations,
excited-state CNNC dihedral angle changesigazobenzene
were found to range from 6 to 20or phase combinations of

+ + + and+ — —, respectively. The 620° CNNC dihedral
angle change found fais-azobenzene is very significant since
no such change is found ftmrans-azobenzene. On the basis of
this observation, there is significant initial excited-state motion
along the torsional coordinate. Because the molecule is non-
planar in the ground stat&;13 it experiences a nonzero slope
along the non totally symmetric torsional degrees of freedom
in the FC region as evidenced by the intensity of low frequency
modes and has a strong preference for twisting.

If it is assumed that the isomerization proceeds via torsional
degrees of freedom, the NN torsional mode at 594%ccan be
modeled as a linear potential of the fokfr= —/q. This model
is based on the idea that motion along this coordinate is
essentially dissociative; as the wavepacket moves away from
the FC region, it has sufficient coupling to the ground state and
does not return to the FC region. Usiag= 594 cnr! and A
= 0.45 for the NN torsion, the slopg, of the excited-state
surface in the FC region is calculated to be 270 &nThe
position of the center of the wavepacket at tinie dimension-
less coordinates is estimated Hy:

q(t) = fwt?2h? (10)
A dimensionless displacement@f= 1 corresponds to a CNNC
dihedral angle of~5°.42 Using eq 10, a dihedral angle of 90
(approximate angle at the conical intersecttér} correspond-

state lifetime in ethandl’

From this analysis, it is clear that the initial nuclear dynamics
of cis- and trans-azobenzene are significantly different. The
excited-state dynamics can be partially understood in terms of
the ground-state geometries. In the caseisfizobenzene, the
molecule is sterically hindered by the phenyl group, which
results in the central double bond being twisted b¥, #i0ereby

epriming the isomerization. This symmetry reduction results in

a significant FC slope along torsional modes, providing a driving
force for the isomerization to occur in hundreds of femtoseconds.

‘?rans—Azobenzene, on the other hand, is planar in both the

ground state and the initially prepared excited state and
isomerizes in 10 ps. The early time dynamics do not show
evidence of motion along the rotational coordinate; this impli-
cates a much slower inversion coordinate as the primary
isomerization pathway.

4.3. Resonance Deenhancemeiwhile the calculated Ra-
man excitation profiles ofrans andcis-azobenzene provide a
good fit to the experimental cross-sections, considerable dif-
ferences between calculated profiles and experimental cross-
sections are apparent fomns andcis-azobenzene at 458 and
406 nm excitation, respectively. A likely explanation for this
result is Raman deenhancement, caused by destructive interfer-
ence of Raman scattering from two different electronic states.
Our experiments probe the450 nm bands corresponding to
S; excitation z*); however, the g (7z*) bands at 317 nm
for transazobenzene ane280 nm for cis-azobenzene have
oscillator strengths that are significantly greater. Therefore, as
suggested by Umapathy’s previous resonance Raman studies
of trans-azobenzene, cross-terms that arise from the interaction
of the S and $ polarizabilities may be significant for certain
modes? Interference in resonance Raman scattering is possible
when there is an additional interfering excited state above or
near the resonant state of interest. In the perturbative limit, this
interfering excited state may lie close to the resonant state and
have a similar polarizability, but if it has a significantly larger
polarizability than the state of interest, then they must be
sufficiently separated in energy so that the higher energy state
does not dominate the scattering. Additionally, there must be
significant displacements in modes common to both excited
states'® In cases where the transition dipole moment of the
interfering state is large and the energies are well-separated, it
has been found that the maximum interference occurs near the
energy maximum of the resonant absorption b&déHowever,
the magnitude and position of the deenhancement in the REPs
also depend on the magnitude and direction of deltas in each
of the excited states.

Raman excitation profiles ofransazobenzene (Figure 7)
show evidence of deenhancement in all vibrational bands at 458
nm. The $ and S excited states ofrans-azobenzene are
separated by~9000 cnt?, and the $ state has an oscillator
strength that is~40 times greater than that of.5Since we
observe deenhancement for all modes, it is likely that these
modes are FC coupled in both excited states. In fact, RR spectra
acquired with an Sresonant probe (336366 nm) have shown
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that all the same vibrational bands are Raman adbiveur (10) Mostad, A.; Romming, CActa Chem. Scand.971, 25, 3561.
results contrast with those of previous RR intensity analyses of | 1&1) Kurita, N.; Tanaka, S.; ltoh, S]. Phys. Chem. 2000 104
trans-azobenzene probed in the Band that showed deen- (12) Fliegl, H.; Kohn, A.; Hattig, C.; Ahlrichs, RJ. Am. Chem. Soc.

hancement only in the 1000, 1142, 1181, 1312, and 1439 cm 2003 125, 9821.
modes?346We are uncertain of the reason for this discrepancy. " (%ﬁ) Gaglri]ardi,k-;cz%réingiingGgernardi, F.; Cembran, A.; Garavelli,
i i i i . eor. em. AC .
Raman excitation profiles @ﬁs—gzobenzene (Figure 8) shqw (14) Myers, A B.: Mathies, R. AJ. Chem. Phys1984 81, 1552.
experimentally lower cross-sections at 406 nm than predicted  (15) cirin, D. Y. Grubbs, E. J.; McCarty, C. . Am. Chem. Soc.
from Raman intensity analyses for the 594, 621, 1512, and 15921966 88, 2775.

cm~! modes, while the experimental cross-sections are higher  (16) Struve, W. SChem. Phys. Lettl977, 46, 15.

than predicted by the REPs of the 275 and 542 tmodes at 195177)27’\2‘;%%' T.; Hoche, R.; Zinth, W.; Wachtveit, Ghem. Phys. Lett.
406 nm excitation. In the case os-azobenzene, the,&nd $ (18) Lednev, I. K. Ye, T. Q.; Matousek, P.; Towrie, M.; Foggi, P.;

states are separated ¥4 000 cn1?, and S has an oscillator Neuwahl, F. V. R.; Umapathy, S.; Hester, R. E.; Moore, JCRem. Phys.
strength approximately 4 times greater than that of theFr Lett. 1998 290, 68.

systems exhibiting interference effects with a preresonant state, %g) g“lt'”o' TH ,Tghar?nn;s':frl‘qys' tcg?r\'/‘\'/ RE?Q %IOS" ,422.0t3h' W Gilch
the shape of _the REPs is f(_)und to depend strongly on_the_: signsp_(Chgm_apzhgyir_’ Légg&oé 63'92 2"16_00’  WWACHIVEI, . A, 1 S,
of the deltas in the two excited stat8s’ Thus, one possibility (21) Chang, C. W.; Lu, Y. C.; Wang, T. T.; Diau, E. W. G. Am.

is that the differences in the REPs of the 275 and 542%cm  Chem. Soc2004 126, 10109.

modes can be attributed to different sign combinations for the . (22) Satzger, H.; Root, C.; Braun, M. Phys. Chem. 2004 108

displacements in the two excited states as compared to the other (23) Biswas, N.; Umapathy, S. Chem. Phys1997, 107, 7849.

modes, showing destructive interference. (24) Cattaneo, P.; Persico, Rhys. Chem. Chem. Phyl999 1, 4739.
(25) Monti, S.; Orlandi, G.; Palmieri, Chem. Phys1982 71, 87.

5. Conclusion (26) Ishikawa, T.; Noro, T.; Shoda, T. Chem. Phys2001, 115

7503.
Resonance Raman spectrais andtransazobenzene were G (27) Ceénhbran,sA-éggrnaECg,ng-:g Garavelli, M.; Gagliardi, L.; Orlandi,
ired in resonance with the Blectronic transition. Clear -J. Am. Chem. So@004 1 4.
apqu ed . esonance with tha Se.Ct onic transitio Cea (28) Ciminelli, C.; Granucci, G.; Persico, NChem—Eur. J.2004 10,
differences in the spectra of each isomer were obserees: 2327,

azobenzene exhibits strong low frequency torsional modes, while  (29) Diau, E. W. G.J. Phys. Chem. 2004 108, 950.
trans-azobenzene has intense skeletal stretching and bending (30) Toniolo, A; Ciminelli, C.; Persico, M.; Marriez, T. J.J. Chem.

; ; ; hys.2005 123
modes. Resonance Raman intensity analysis reveals that upor'13 (31) Crecea, C. R.: Roitberg, A. B. Phys. Chem. 2006 110, 8188,

excitation, the initial structural changestodns-azobenzene are (32) Lu, Y. C.. Diau, E. W. G.: Rau, HJ. Phys. Chem. 2005 109,
localized in the CNN bend and CN and NN stretches, consistent 2090.
with an inversion mechanism. In contrastis-azobenzene (33) Hartley, G. SJ. Chem. Soc1938 633.

ihi i i i (34) Sokalski, W. A.; Gora, R. W.; Bartkowiak, W.; Kobylinski, P.;
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at torsional motion contributes to the early ume dynamics. (35) Stuart, C. M.; Tauber, M. J.; Mathies, R. A.Phys. Chem. 2007,

These differences are attributed to the fact that the ground state111, 8390.
of cis-azobenzene is sterically twisted, thereby priming the  (36) Colles, M. J.; Griffith, J. EJ. Chem. Phys1972 56, 3384.
molecule for isomerization via rotation, as was found dis (37) Lee, S. Y; Heller, E. 1. Chem. Phys1979 71, 4777.
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