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Steady-state and time-resolved femtosecond stimulated Raman scattering spectroscopic methods were
applied to elucidate the photodynamics and the oxazine ring opening contingency in phenyl-
substituted indolobenzoxazine systems. Using wavelength- and pulse duration-tunable multi-pulse tech-
niques, we have measured the (static) stimulated Raman spectra of the chemically ring-opened
indolobenzoxazines, and the (dynamic) femto-to-nanosecond time- and wavenumber-resolved spectra

of their photo-generated species. The two experimental realizations show a notable vibronic disparity,
thereby indicating the structural difference between the chemically bond-cleaved and the UV excitation

produced species.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Indolobenzoxazines (IBs) are a relatively new class of organic
compounds, consisting of structurally fused indoline and benzox-
azine moieties (Fig. 1(a)). IBs are normally assumed to be posi-
tively photochromic and their photochromism is purportedly
associated with UV excitation-induced C—0O bond breakage and
the sub-nanosecond formation of 3H-indolium and 4-
nitrophenolate chromophores, the latter of which exhibits absorp-
tion in the blue part of the visible spectrum [1-4] (even though
molecular substitutions to the basic chemical structure can heavily
alter the transient absorption spectra [4-6]). While numerous sub-
microsecond [1-5,7] and sub-nanosecond [6,8,9] time-resolved
studies have been carried out on IB compounds, the mechanism
of their photodynamics remains unclear. Spectral discrepancies
between the chemically ring-opened and the optical excitation-
induced forms [1,5], prominent influence of the molecular substi-
tutions [4-6], and the dependence of ground-state recovery times
on molecular oxygen level [10,11] have recently led to suggestions
that an intersystem crossing process effectively competes with the
oxazine ring opening. A certain level of ambiguity stems from the
fact that all time-resolved studies on IBs performed until now were
based on electronic absorption spectra [1-13] that inherently
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provide very little explicit information on the structural changes
of the molecule, thus suggesting that structure-sensitive spectro-
temporal methods are necessary to provide additional insight on
the intricate IB photodynamics. Moreover, the current knowledge
of the vibrational behavior of the IB species is rather scarce. In this
letter we aim to address these issues by presenting an experimen-
tal study, elucidating the vibrational statics and dynamics of IBs.
We employ femtosecond stimulated Raman scattering (FSRS) spec-
troscopic techniques [14-17] to analyze the ground- and the
photoexcited-state vibrational development of several selected
IBs. These experiments shed additional insight to the IB photo-
physics and, to our knowledge, this is the first vibrational study
on compounds of the IB family.

2. Materials and methods

For the study, we have selected several previously investigated
[5,6,8,10] IB compounds with phenylic substituents in the para-
position, relative to the nitrogen of the indole ring: IB1 (4-
methoxyphenyl substitution, orange structure in Fig. 1(a)) and
IB2 (3-chlorphenyl’ substitution, blue structure in Fig. 1(a)). These
compounds were chosen mainly for their relatively high quantum
yield [5], compared to numerous other IBs [1-3,7,13], and excellent

1 For interpretation of color in figures, the reader is referred to the web version of
this article.
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Fig. 1. (a) Steady-state (solid lines, opaque plot area) and excited-state [5,6] (dashed lines, transparent plot area) absorption spectra of the phenyl-substituted
indolobenzoxazine compounds IB1 (orange') and IB2 (blue) dissolved in acetonitrile (the dotted line/semi-transparent red plot represents the NUV/VIS part of the
chemically-opened form steady-state absorption spectrum [5]). The molecular structures of the compounds are presented adjacent to the proper spectra; arrows on the
bottom abscissa indicate spectral positions of the actinic and the Raman pump pulses. (b) Steady state spontaneous Raman scattering spectra of compounds IB1, IB2, and the
unsubstituted indolobenzoxazine IBO [1,2,9]. The spectra are offset vertically and normalized with respect to the ca. 1330 cm~! —NO, band for better viewing. Numbers

indicate the positions of several significant spectral peaks (Table 1).

photodynamical stability [5]. The unsubstituted (“base”) indoloben-
zoxazine compound IBO [1-3,9] was, for comparative purposes,
studied only via steady-state (i.e., SRS) techniques, since its lower
quantum yield [1-3] and fatigue resistance [5] proved to be inade-
quate for time-resolved FSRS measurements (which necessitated
higher excitation intensities to produce a feasible amount of the
excited state population). The ground state absorption of the
phenyl-substituted IBs peaks at ca. 290-300 nm, while the transient
absorption of their photo-induced forms is distinctive for its double-
band structure, peaking in the UV/VIS (415 nm for IB1 and 375 nm
for IB2) and the VIS/NIR (750 nm for IB1 and 600 nm for IB2) bound-
aries. These spectra are in striking contrast to the ones of the
chemically-induced ring-opened forms (produced via addition of
tetrabutylammonium hydroxide (TBAH) to the sample solutions
[1-3,5,10]) that exhibit only a single spectral maximum in the VIS/
NIR, peaking for both compounds at ca. 430 nm [5,6,10] (red spec-
trum in Fig. 1(a)).

FSRS experiments were performed using a home-built spectro-
scopic setup introduced in [18]. In short, FSRS is a multi-pulse
technique in which a narrowband (picosecond) pulse, resonant
to an electronic transition of the sample, induces resonant Raman
scattering, while a time-coincident broadband (femtosecond)
pulse triggers stimulated Raman emission, thereby giving rise to
Stokes (and anti-Stokes) features on top of the probe field
[15,16,19]. If an auxiliary, temporally-variable femtosecond pulse
is used to excite the sample (and the Raman pump is set to cor-
respond to an excited state resonance), FSRS can be utilized to
measure the time-dependent vibrational dynamics of the evolving
system with both excellent temporal and spectral resolution
[15-17,19]. Two different types of SRS measurements were
performed on the IB compounds: (a) steady state SRS (without
the actinic pulse) on the chemically ring-opened IB forms (i.e.,
investigation of the characteristic Raman frequencies of the

blue-absorbing ring-opened molecule); and (b) time-resolved
FSRS on the photoexcited IB species (i.e., investigation of the
time-dependent vibrational changes, occurring after the UV pho-
ton absorption). Crystalline IB samples were dissolved in acetoni-
trile (Lichrosolv Gradient Grade) and diluted to an appropriate
concentration for the either of the experiments. In the time-
resolved FSRS experiments both of the IB samples, concentrated
to 10D at 325 nm in a 1 mm optical pathway, were excited with
Jap=325nm, Esp=1 W, Tap = 70 fs actinic pulses, while the Raman
pumps were set to either Agp =795 nm, Egp=5 W, tgp = 3.5 ps for
IB1, or Agp=610nm, Egp=4 1, Trp=4 ps for IB2. In the steady-
state SRS experiments the concentrations were slightly increased
in order to produce a sufficient amount of ring-opened species via
introduction of a small amount (ca. 10 pL) of highly-concentrated
TBAH (1.0 M in methanol, Alfa Aeser) to the IB solutions. Samples
of 10D at 450 nm were used in the steady-state SRS measure-
ments. The ground-to-excited state SRS resonance was achieved
with Jgp=460nm, Egp=2 ], trp=2ps spectrally-narrowed
pulses.

A computational study was conjointly performed to character-
ize the fundamental vibrational modes of the investigated IBs.
Molecular structures of the IB compounds in ground electronic
state were optimized using density-functional theory [20] with
B3LYP functional [21] and cc-pVTZ basis set [22]. Vibrational fre-
quency analysis including anharmonic corrections [23] and calcu-
lation of Raman scattering activities were carried out for the
optimized structures. Calculations were performed using Gaus-
sian09 package [24], using computational resources at the High
Performance Computing Center “HPC Sauletekis” (Vilnius Univer-
sity, Faculty of Physics). Obtained scattering activities were subse-
quently converted to simulated Raman intensities by calculating
scattering cross-section [25] (1o and T values were taken from
corresponding experiments).
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Table 1

Calculated properties of steady-state Raman scattering of IB compounds. The relative intensities can be assessed from Fig. 1(b). A full list of characteristic vibrational frequencies

is presented in SM.

No. Intensity 1BO IB1 1B2 Description

1. Very strong 1334 1331 1332 NO, deformation

2. Very strong - 1604 1588, 1609 Biphenyl ring stretching along axis
3. Strong 1585, 1615 1582 1583 Phenyl ring and NO, stretching

4. Strong 1315-1360 1315-1360 1315-1360 CH, out-of-plane deformations

5. Strong - 1282, 1306 1282 Biphenyl ring CH rocking/twisting
6. Strong 1233 1237 1237 Various CH bends

The values in italics denote peaks of a given character that are less pronounced in the corresponding compounds.

3. Results and discussion

The ground state spontaneous Raman scattering spectra® of the
phenyl-substituted IBs (Fig. 1(b)) feature a multitude of vibrational
bands, most prominent of which surface at ca. 1330cm™' and
1600 cm™!. The intense vibrations at 1330 cm™! are observed in
all compounds of the IB variety and can be ascribed to the
symmetric —NO, stretching in the nitrophenole moiety [26,27]. While
the 1600 cm™' region also envelops the relatively weaker antisym-
metric —NO, vibrations [26] (as exhibited by the unsubstituted IBO),
the substantially intensified vibrations of IB1 and IB2 that arise in
the particular spectral vicinity are of a different origin. The intense
~1600 cm ™! vibrations in the substituted IBs stem from the phenylic
extensions of the molecule and can be ascribed to the biphenyl-like
symmetric inter-aromatic ring stretching in the phenyl-indole moiety
[28-31]. The phenylic substituents also give rise to reasonably intense
aromatic ring rocking/twisting vibrations appearing in the close
proximity of the —NO, peak at ca. 1280-1300 cm~!. Ascription of
the key vibrational modes is outlined in Table 1, whereas a full list
can be found in supplementary material (SM).

In Fig. 2 we can see that in spite of the alterations to the molec-
ular backbone (and the eventual differences emanating in the elec-
tronic excited state evolution [5,6,8,9]), the chemically-induced
open-ring conformations of all the investigated compounds exhibit
virtually identical SRS spectra. This equivalence allows us to
assume that the SRS features in Fig. 2 belong mainly to the 4-
nitrophenolate moiety, considering that the blue-absorbing ionic
chromophore is predominantly resonant with the 460 nm Raman
pump (for explicitness, properly scaled SRS lines of the solvent
are presented in Fig. 2; the indole segment of the cleaved molecule
is an unlikely candidate to be stimulated by the utilized Raman
pump, as it absorbs principally in the UV [9,32,33]). The majority
of the higher frequency (>1000cm™') vibrational bands, that
accompany the chemical ring opening, generally correlate with
the ones observed upon the deprotonation of 4-nitrophenole
[34,35]. While there are some discrepancies between the absolute
positions and the relative amplitudes, in view of the main 4-
nitrophenolate spectral peaks [34,35], the general outline of the
Raman spectrum is, by and large, similar. Most notably, formation
of 4-nitrophenolate prompts a decline of the intense ~1330 cm™'
—NO, vibrations that redshift [34] and, likely, change their vibra-
tional character [35] following the reaction. Moreover, the SRS sig-
nals at ca. 1400-1600cm~' are common to all of the IB
compounds, including the unsubstituted IBO. This suggests that
in the ring-opened forms they stem from the 4-nitrophenolate-
like C—0~, C—C and C—H [34] vibrations (since the intense
phenyl-indole vibrations, that occupy the same spectral region in

2 Tunability of narrowband Raman pump in our FSRS setup is limited to ~400 nm
on the short-wave side, which disallows resonant enhancement of the UV-absorbing
IB solutions (Fig.1(a)). Spontaneous Raman scattering spectra of crystalline IB
samples were measured as an alternative. Refer to the supplementary material for the
experimental details on the spontaneous Raman scattering measurements.
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Fig. 2. Baseline- and solvent line-corrected ground state SRS spectra of the
chemically ring-opened forms (via addition of TBAH to the sample solutions) of
IB1, IB2 and the unsubstituted indolobenzoxazine compound IBO. The resulting
anionic nitrophenolate-like forms exhibit strong absorption at ca. 430 nm (red’
spectrum in Fig. 1(a)) that allows us to exploit the 460 nm resonant enhancement
conditions (RPp in Fig. 1a). The SRS spectra are normalized and offset vertically for
better viewing. Red spectrum depicts the properly scaled (according to the
2250 cm~!' C=N line) spectrum of acetonitrile.

Fig. 1(b), cannot surface in the SRS spectrum of the unsubstituted
IB0). The chemically-opened forms are also characteristic for their
two intense Raman bands, emerging at 790 and 930 cm . Interest-
ingly, none of the particular bands can be associated exclusively
with formation of the 4-nitrophenolate moiety. While 4-
nitrophenolate does in fact exhibit a singular intense lower-
frequency Raman peak [34,35] (i.e., joint —NO, and C—C vibrations
at 858 cm ™! [34]) the SRS peaks in Fig. 2 are interspersed from the
“expected” spectral location by +70 cm~! (which is somewhat too
large to be interpreted as Fermi resonance splitting of the band).
While it is unclear whether these two bands appear due to either
the probable upshift of the said mode, accompanied by an intensi-
fication of the ring-breathing in the indole fragment at ca.
760 cm™! [36], or the possible intra-chromophore vibrations,
developing intrinsically from the C—O bond dissociation, it is
nonetheless evident that the emergence of these intensive Raman
modes is one of the key “identifiers” of the ring-opening of an IB
molecule.

In contrast to the multitude of well-defined spectral peaks of the
chemically-induced open-ring forms, the time- and wavenumber-
resolved FSRS datamaps in Fig. 3 indicate the presence of a single
dominant vibrational band that prevails through both the early
and the late stages of the IB photoevolution. It should be noted that
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Fig. 3. FSRS spectra of compounds (a) IB1 (igp=610nm), and (b) IB2 (/gp=795 nm). The entire experimentally-resolved and background-corrected FSRS signals are
presented in the central graphs, whereas the right-hand side and bottom graphs depict, accordingly, spectral and temporal cuts of the FSRS dataset. Note that the time-gated
FSRS spectra (bottom) are offset vertically from the zero line, and the kinetic curves (right-hand side) are offset vertically and normalized for better viewing. Experimentally-
resolved points are presented in discrete symbols and area-filled curves, while the continuous lines in all of the graphs represent results of a four component global fit of the
experimental data (see Table SM-C1 for more details)’.
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due to the relatively low Raman yield of the IB samples, as well as
the significant deviation of both 610 and 795 nm Raman pumps
from the ground state resonances (>15,000 cm™!), bleaching contri-
butions do not surface in either of the time-gated FSRS spectra. This
observation, along with the fact that the pre-actinic pump interac-
tion FSRS signals are zero, allows us to designate all the Raman gain
signals in Fig. 3 entirely to the excited and/or photoproduct states
[6,8] of the investigated IBs. The distinguishing broad Raman peak
emerges at 1606 cm™! for IB1 and at 1595 cm™! for IB2, and is
adjoined by a cluster of near-lying lower-frequency vibrational
bands at ca. 1400-1500cm~!. At least two clear-cut Raman
maxima on the red wing of the main peak—at 1490 and
1540 cm~'—can be discerned for IB2, whereas the corresponding
maxima of IB1 are slightly more dispersed spectrally, indicating a
potential contribution of hot luminescence [14,37], instigated by
the repopulation of higher excited states of the compound [8]. Fem-
tosecond time-resolved studies have previously shown that IB-type
compounds exhibit a sub-picosecond decay and consequent sub-
nanosecond growth of the transient absorption signal [6,9]. As
observed in Fig. 3, the temporal behavior of the IB1 and IB2 FSRS
bands in the spectral vicinity of ~1600 cm~! (and, to an extent, at
the lower-frequency shoulder at ~1500 cm™!) clearly mimics the
familiar rise-fall-rise-fall dynamics of the transient electronic
absorption signals [6,8,9] and is well described by the same kinetic
model (Table SM-C1). Moreover, spectral evolution during the sub-
50-picosecond period distinctly shows the peak-shift to lower fre-
quencies (by ~7 cm™!) and band-narrowing phases. These FSRS
dynamics, similarly to those observed in other molecules (e.g., in
various carotenoids [38-40]), can be attributed to the vibrational
relaxation, which, in our case, accompanies the formation of the
photoproduct (also suggested in Ref. [G]). The ratios between the
initial (~300 fs) and the final (~100 ps) spectral amplitudes at
1600 cm™! slightly differ from the ones of the “pure” electronic
signals [6,8] (also a discrepancy between the intermediate state
lifetimes (see Table SM-C1) and the ones from [6] can be acknowl-
edged), which can be explained by the fact that the Raman pumps
can likewise irreversibly relocate the excited state/photoproduct
population, thereby, partially altering the “standard” photoevolu-
tion [8] (also observed in other multi-pulse experiments [41,42]).
Some of the more notable vibrational modes, accompanying the
excited-state-to-photoproduct transition, are observed in the spec-
tral region of ca. 750-1200 cm™. The vibrational frequencies at ca.
780 and 1180 cm™' (IB1) and ca. 1000 and 1250 cm~! (IB2) can be
associated with the initial Frank-Condon and the singlet excited
states, as suggested in [6], seeming as they rapidly decay within
the first picosecond of the photoevolution. Likewise, the most
prominent vibrational modes of the final forms can be identified
atca. 1275 cm™~' (IB1), and 1000 and 1250 cm~! (IB2), acknowledg-
ing their growth in amplitude (and the escalation above their initial
amplitudes) for the first 100 ps, which coincides with the formation
of the final evolutionary forms [6]. On the whole, the majority of
these Raman signals, as indicated by bottom graphs of Fig. 3, are
almost an order of magnitude less intense than the main
1600 cm~! maxima. It should also be mentioned that no clear-cut
spectro-temporal activity is observed in the spectral vicinity of
the main —NO,, band at ~1330 cm~!. The post-excitation behavior
(i.e., bleach recovery and peak-shift) of the nitro functional
group was shown to accompany the ring-opening dynamics of the
related photochromic nitro-spiropyrans [43,44], and, bearing in
mind the steady state vibrational changes of 4-nitrophenol
[34,35], a similar effect can also be expected upon the ring-
opening of IBs. Nonetheless, the data in this particular spectral
region is less “reliable”, as it lies in the close proximity of the
comparatively strong 1375 cm~' C—H deformation frequency of
acetonitrile and is more susceptible to the solvent line subtraction
artifacts [17,19].

Comparing all the presented data, one can notice an inherent
dissimilarity between the chemically and optically generated IB
forms. While the contrast between the steady-state and transient
electronic absorption of the chemically- and photo-generated spe-
cies has been addressed previously (Refs. [5,6,10] and Fig. 1(a)), the
SRS data in Fig. 3 indicate that the particular molecular forms also
bear very little vibrational semblance. This implies that although
the general vibronic features of the chemically-induced forms
can be ascribed to 4-nitrophenolate [34,35], the same assumption
cannot be explicitly made about the forms produced via a UV pho-
ton absorption. Essentially, none of the characteristic low-to-mid-
frequency (<1400 cm™') components correlate between the SRS/
FSRS spectra of the two (expectedly equivalent) molecular forms.
Principally, all time-resolved FSRS spectra in Fig. 3 peak in the close
proximity of the characteristic higher-frequency ground state max-
ima (Fig. 1(b)). Moreover, this tendency is exhibited not only by
compounds IB1 and IB2, but also by many other para-substituted
IBs, including the ones investigated in Ref. [5] (see Fig. SM-B1).
Acknowledging the key contribution of phenyl-indole inter-ring
vibrations to the ground state Raman spectra (Fig. 1(b)), it is safe
to assume that the signals at ca. 1600 cm™!, emerging in the
post-excitation FSRS dynamics, also originate from vibrations of
the same molecular moiety. Since these biphenyl-like vibrations
are not bleached after the optical excitation (as the FSRS signal in
Fig. 3 is always positive), the temporal development of the
1600 cm ™! region can be interpreted as an intensification of molec-
ular vibrations (that stems from the possible electronic excitation
re-localization) within the phenyl-indolic moiety. The signals that
could be potentially linked to oxazine ring opening (i.e., the sub-
100-picosecond growth at ~1250 cm ™! in Fig. 3) are much weaker
than the ones assumedly associated with the phenyl-bearing frag-
ments. These observations agree well with the earlier predictions
that the UV excitation does not, in fact, cause a C—0 bond breakage
or (spectrally-resolvable) 4-nitrophenolate formation in photoex-
cited IB systems (especially in an acetonitrile environment [10]).
It has been suggested that intersystem crossing competes with ring
opening in both the substituted and unsubstituted IBs [10]. While
the presented FSRS data supports the notion that ring-opening is
not a likely outcome from UV excitation, the overwhelming
biphenyl-like nature of the ground- and excited-state FSRS dynam-
ics of the phenyl-substituted IBs allows us to propose yet another
possible photoevolutionary route. The transient electronic absorp-
tion spectra in Fig. 1(a) bear a striking semblance to the radical
forms of biphenyl and its various derivatives [29-31,45,46]
(obtained both via optical excitation [29,30] and pulse radiolysis
[31,45] experiments). Most specifically, both electronic species dis-
play a presence of two characteristic spectral bands - a sharp NUV/
VIS peak and a broad NIR maximum. Moreover, the transient
Raman spectra [30,47,48] of the said radicals also share a great deal
of likeness to the ones depicted in Fig. 3 (i.e., an increased Raman
activity at v > 1500 cm™'). Acknowledging the earlier observations,
concerning the dependence of the sub-nanosecond dynamics on
the UV excitation wavelength [6] and the susceptibility of the
sub-microsecond relaxation rate to molecular oxygen [10,11], it
is possible to predict that the photoexcited phenyl-substituted IB
systems develop a biphenyl radical-like (ionic) state (or, possibly,
a charge-separated form, in which the electron traverses from
one of the chromophoric segment to the other) that predominates
throughout the entire photoevolution. The radical formation, most
likely, develops not from the excited singlet state, familiar to most
IBs [6,8]. The unsubstituted IBO has also been found to decay faster
in the presence of oxygen [10], which suggests that the photo-
pathway of the substituted systems is, presumably, singlet — tri-
plet — radical. The proposed radical nature, all things considered,
would elucidate why the basic photophysical properties of the
phenyl-substituted IBs—the noticeably higher yield [5,6], the exci-
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tation saturation dynamics [5], the atypical multi-peak transient
absorption spectra [5,6], and the strong contrast to 4-
nitrophenolate [34,35]|—are drastically different from numerous
close counterparts of the IB family [1-7,9-13].

4. Conclusions

We have performed an experimental FSRS study on the
chemically-induced and the optically-generated molecular forms
of phenyl-substituted IBs. The vibrational (as well as the electronic
[5,6,8,10]) spectra of the “factual” ring-opened molecules show an
inherent similarity to 4-nitrophenolate [1-3,34,35], whereas the
UV excitation generated species exhibit a singular dominant vibra-
tional peak at ca. 1600cm~!. The latter results suggest an
increased vibrational activity within the phenyl-indolic (and not
the nitrophenolic) moiety, thus indicating that the substituents
heavily alter the vibronic photodynamics of IB systems. The FSRS
data support the earlier assumptions [10,11] that the ring-
opening competes with an auxiliary electronic process. Moreover,
the peculiar FSRS activity within the indolic fragment of the
molecule allows us to estimate that the UV-generated excited state
species might actually be not of a triplet (as suggested in [10,11]),
but of a ionic radical-like [30,46,47] character.
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