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Time-resolved vibrational spectroscopy studies are reported on the photoinduced structural dynamics of
2,2-diphenyl-2H-chromene, a prototypical photochromic compound that undergoes ring opening upon
UV radiation. The transient IR absorption measurements in combination with (TD-)DFT calculations have
been used to understand in detail the life cycle of such compounds. Excited-state decay and ring
opening was found to occur on an ultrafast time scale. Three species have been identified in the time-
resolved IR spectra with two short-lived species (on a picosecond timescale) and a final long-lived
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Accepted 20th May 2019 open isomers using quantum chemical calculations of equilibrium structures and force fields. From the
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photocycle of such compounds, as well as on possible ways to controllably influence the performance
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1 Introduction

Chromenes are the fundamental subunit of a large range of
photochromic molecular materials that have found extensive
use in commercial applications ranging from dyes to holograms.
Upon UV irradiation these uncoloured compounds undergo a
ring opening that leads to an open, coloured form which goes
through further structural rearrangements as illustrated in Fig. 1
for the compound of interest in the present study. These open
forms can revert back to the original closed form by thermal
decay or by further photon absorption in the appropriate wave-
length range.>* The open and closed forms have quite different
physical properties, but most notable are their significantly
different absorption spectra.’ This difference makes them ideal
for various advanced applications such as photochromic glasses
and high-density optical storage."* Moreover, they have shown
impressive potential for further development as photoswitches in
various environments due to their colourability and fatigue
resistance, and have thus extensively been studied in this context
as well.' 7 Remarkably, despite this work, as of yet only a very
qualitative picture exists of the electronic and accompanying
structural evolutions that take place after photon absorption,
and even this qualitative picture is still subject of debate.
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Here, we will employ time-resolved spectroscopic techniques
that provide direct electronic and structural fingerprints and
thereby allow us to elucidate the key details underlying the
photoactivity of these compounds.

In the present study we consider 2,2-diphenyl-2H-chromene
(C, Fig. 1), a compound in which the hydrogen atoms on the
carbon that undergoes bond rupture (C,) have been replaced by
phenyl groups. Substituents on C, are expected to play an
important role in the stability of the molecule and to modulate
the excited-state dynamics.®® The phenyl substituents cause in
this particular case a steric repulsion that lengthens the C,-O,
bond, which may allow for a more efficient ring opening.®"'*"*
Transient absorption measurements performed on 2,2-diphenyl-
2H-chromene in n-heptane® show that upon excitation at 267 nm
C opens and transforms to one or more photoisomers on a time
scale of less than 2 picoseconds. Thermal ring-closure of the open
forms has previously been concluded to occur on a timescale
slower than milliseconds."

The excited-state dynamics of compounds related to 2,2-diphenyl-
2H-chromene have been extensively investigated using transient
absorption spectroscopy.>"” Such studies have practically all been
performed in the visible spectral region because the absorption
spectra of the closed and open isomers are quite different and
thus easily distinguishable." At the same time, it is also recognised
that some of the hypothesised intermediates and final photo-
isomers (vide infra), and in particular the various open forms, have
very similar absorption spectra and only differ in their oscillator
strengths."*"'®'® As a result, there is still no consensus on the key
aspects of the decay pathway, and various models have been put

Phys. Chem. Chem. Phys., 2019, 21, 11689-11696 | 11689


http://orcid.org/0000-0002-9701-7313
http://orcid.org/0000-0002-8279-8954
http://orcid.org/0000-0003-4661-7738
http://orcid.org/0000-0002-1265-8016
http://crossmark.crossref.org/dialog/?doi=10.1039/c9cp01906e&domain=pdf&date_stamp=2019-05-27
http://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9cp01906e
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP021022

Open Access Article. Published on 20 May 2019. Downloaded on 3/17/2026 4:02:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

L0
hv 1‘”: +

O

View Article Online

PCCP

2

10 =4
- +

2
AN

I I>

Fig. 1 Structure of 2,2-diphenyl-2H-chromene. Upon UV irradiation the closed form of the compound (C) undergoes ring-opening leading to the

generation of the indicated photoisomers O, I, and I,.

forward to account for the experimental observations made in
time-resolved experiments.

Gentili et al.'® concluded from their transient absorption
experiments on 2,2-diphenyl-2H-chromene that ultrafast bond-
cleavage occurs between O, and C, upon excitation, producing
an open form with zwitterionic excited-state character. This
species then undergoes a barrierless relaxation process that
populates the cisoid form O (Fig. 1) in its ground state. O
exhibits significant steric repulsions and as a result is subject to
further structural isomerization to produce the trans-cis and
trans-trans open forms I, and I, (Fig. 1). Importantly, however,
neither in these experiments nor in other time-resolved experi-
ments on compounds related to 2,2-diphenyl-2H-chromene has
it been possible to unambiguously identify the presence of an
excited state with zwitterionic character or for that purpose the
character of the excited-state species hypothesised to be involved
in the decay path at all.

In other studies'*"® it has been suggested that the potential
energy surface of the lowest excited state actually features two
minima. The first of three reported rate constants would in
that case be associated with the decay of the Franck-Condon
populated minimum to this second minimum from which
subsequently the same path is followed to the ground state as
postulated by Gentili et al.’® Herzog et al.'® argued that neither
of these two models was able to explain their time-resolved
experiments on 2,2-diphenyl-5,6-benzo(2H)-chromene and proposed
an alternative model. In this model Franck-Condon excitation is
followed by relaxation processes that populate the lowest excited
singlet state in a single potential energy minimum that has all the
characteristics expected for the closed form, ie., no ring opening
occurs in the electronically excited state. Ring opening in fact was
suggested to occur in a concerted process in which the molecule
overcomes a small barrier in the excited state to access the conical
intersection with the ground state where the O;—-C, bond is broken
and the trans—cis and trans-trans open forms are formed without
involvement of the cisoid form O.

The above makes clear that the most important aspects of
the photochemical ring opening process of chromenes and their
subsequent structural evolution, which are key for rational
design of novel compounds with tailor-made properties, are
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still far from clear. These studies invoke questions as to whether
bond dissociation occurs in the electronically excited state(s)
or upon internal conversion to the ground state, what the
electronic characters of the Franck-Condon excited state and
subsequent excited-state species are, and which structural
evolutions occur on the ground state potential energy surface
and with which rate constants. To answer these questions
techniques are needed that allow for a much better characterisation
of the electronic and conformational structure than the transient
absorption techniques employed up until now.

Femtosecond time-resolved vibrational spectroscopy offers
such a detailed view. Frequencies and intensities of infrared
absorption bands in the mid-IR critically depend on the electronic
structure of the molecule and can thus be used to trace the
electronic evolution of the molecule, but they also provide a
fingerprint of the molecular structure, thereby allowing to follow
how the molecule evolves from the closed to open forms and from
one open form to other possible open forms.*® We will show that
time-resolved IR spectroscopic experiments on 2,2-diphenyl-2H-
chromene indeed provide transient IR absorption spectra that
show distinct changes over time. Singular value decomposition
methods allow us to decompose these spectra in terms of species
which are assigned using quantum chemical calculations on
ground and excited states of the various closed and open forms.
We thereby obtain detailed insight into the various stages during
the photochromic lifecycle of 2,2-diphenyl-2H-chromene in
particular, and chromenes in general.

2 Experimental
2.1 Synthesis of 2,2-diphenyl-2H-chromene (C)

2,2-Diphenyl-2H-chromene (C): to a solution of phenol (500 mg,
5.3 mmol) in dry dichloromethane (20 ml) was added 1,1-
diphenylprop-2-yn-1-ol (1.11 g, 5.3 mmol) and a catalytic amount
(one crystal) of p-toluenesulfonic acid monohydrate (Fig. 2). The
resulting mixture was stirred for 41 h at RT, after which
the conversion was deemed sufficient by TLC. The reaction
mixture was diluted with 20 ml petroleum ether 40-60 °C and
transferred to a flash column and flash chromatographed
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Fig. 2 Synthesis of C.

(SiO,, gradient CH,Cl,/petroleum ether 40-60 °C — 0/100 —
5/95 — 10/90 — 15/85 — 20/80) to give 0.291 g of C (yield 19%)
as a white solid. "H NMR (400 MHz, CDCl;) § 7.43 (d, J = 7.3 Hz,
4H), 7.32 (t, J = 7.4 Hz, 4H), 7.25 (t, J = 7.2 Hz, 3H), 7.12
(td, J = 7.9, 1.5 Hz, 1H), 7.00 (dd, J = 7.4, 1.4 Hz, 1H), 6.92
(d,J=8.0 Hz, 1H), 6.84 (t,J = 7.7 Hz, 1H), 6.61 (d, J = 9.8 Hz, 1H),
6.17 (d,J=9.8 Hz, 1H); TLC R & 0.1 (petroleum ether 40-60 °C).

2.2 Sample preparation

For all measurements samples were prepared under an inert
atmosphere of dry nitrogen. Deuterated acetonitrile (CD;CN,
purchased from Euriso-top) was used as solvent because of its
favourable absorption characteristics in the 1400-1800 cm ™ * spectral
region. The steady-state UV/vis spectrum of 2,2-diphenyl-2H-
chromene (Fig. 3) was recorded using a Hewlett Packard 8453
UV/vis spectrophotometer. The steady-state IR absorption spectrum
of the compound, shown in Fig. 4, was obtained using a Bruker
Vertex 70 FTIR spectrometer. For the time-resolved measurement
samples were prepared in the same manner as described above, but
with a concentration adjusted to give an absorbance of 0.8 at
320 nm in a sealed IR flow cell equipped with UV-grade CaF,
windows with a 1 mm thick spacing (Specac).

2.3 Femtosecond transient spectroscopy

Time-resolved infrared (TR-IR) spectroscopy was performed
using a commercially available Ti:sapphire laser (Spectra-Physics
Hurricane, 600 pJ, ~100 fs FWHM). With the amplified output
from the laser and an optical setup described previously,”* mid-IR
pulses with a duration of ~200 fs, a bandwidth of 150 cm ™" and
an energy of 1-3 nJ at a 1 kHz repetition rate were produced;
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Fig. 3 Experimentally recorded spectrum of C (red) and the theoretically
predicted UV/vis spectrum (blue).
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Fig. 4 Orange: FTIR spectrum of C in CDsCN with its associated absor-
bance axis on the right. Black: theoretically predicted IR absorption

spectrum of C in its electronic ground state, broadened with a Gaussian

line shape to give a FWHM of 4 cm™2,

the mid-IR beam was split with a 50: 50 beamsplitter creating a
signal and reference beam for shot-to-shot analysis. UV-pump
pulses at 320 nm with an energy of 2 pJ were generated by
sum-frequency generation with a type II BBO crystal of the
amplified 800 nm output and a 506 nm beam was generated
using a commercially available OPA (OPA-800C, Spectra-
Physics). The delay between the UV and mid-IR beams was
controlled by mechanically adjusting the path length of the UV
beam. The UV pump was focused and spatially overlapped with
the mid-IR probe (both beams were passed through a 200 um
pinhole with 50% transmission), allowing for a temporal
resolution of ~200 fs (FWHM), determined as described in the
literature.® The signals were recorded using an electronically
gated amplifier, an Oriel M260i spectrometer and a 2 x 32-pixel
MCT detector. For the measurements the sample was placed
in the focus of the mid-IR beam and pumped through the
cell to ensure that a fresh sample was measured with each
laser shot.

2.4 (TD-)DFT calculations

(TD-)DFT calculations were performed at the B3LYP/6-31G(d)
level of theory using the Gaussian09 suite of programs.>?
Equilibrium geometries and associated force fields were deter-
mined for the electronic ground state of the C, O, I, and I,
isomers. TD-DFT calculations of C were performed to obtain
the electronic transitions to the 30 lowest energetic states.
The theoretically predicted absorption spectrum has been
constructed from stick spectra by convolution with a Gaussian
line shape with a FWHM of 0.2 eV and is in excellent agreement
with the experimentally recorded spectrum as can be concluded
from Fig. 3. For the lowest electronically excited state of C
the geometry of the molecule was optimised and the force
field was calculated. In all calculations solvent effects were
included using the Polarisable Continuum Model** for aceto-
nitrile. Theoretically predicted IR absorption spectra that will
be discussed in the following use frequencies that have been
scaled with a scaling factor of 0.97 which has previously been
suggested to be appropriate for this level of calculation.**

Phys. Chem. Chem. Phys., 2019, 21, 11689-11696 | 11691
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3 Results and discussion

Fig. 5 displays TR-IR measurements recorded upon excitation
of 2,2-diphenyl-2H-chromene at 320 nm. The two spectral
regions shown in Fig. 5 were measured at separate instances
and have been reconstructed using SVD filters from the four
most significant components.>®> Since it was not possible to
record spectra with overlapping bands, the intensities in the
two panels of Fig. 5 cannot be compared directly, nor is such
a comparison possible for the global analysis that will be
discussed later (vide infra). However, theoretically predicted
spectra indicate that the intensities of bands in the left panel
are about an order of magnitude smaller than those in the
right panel if the two panels would be normalised to each other
(Fig. 8).

Excitation at 320 nm populates the lowest excited singlet
state S; as confirmed by our TD-DFT calculations that find the
vertical excitation for this state to be predominantly described
by the HOMO — LUMO excitation with an excitation energy
and oscillator strength of 4.14 eV (299 nm) and 0.097, respectively.
It is worth to notice that in previous transient absorption
experiments an excitation wavelength of 267 nm was used.'?
Under such conditions a higher-lying singlet state is excited. As
a result, the ring-opening process is preceded by internal
conversion to the lowest excited singlet state which complicates
the analysis of the ensuing ultrafast dynamics. Moreover, internal
conversion from this higher-lying singlet state populates S; with a
significant amount of internal energy. If, as suggested previously,
energy barriers are present on the potential energy surface of S,
such large amounts of internal energy could lead to incorrect
conclusions on the topology of this potential energy surface.

After excitation three negative differential absorption bands
labelled 1, 2 and 3 in Fig. 5 which are associated with depletion
of the population of C in the ground state are observed at 1498,
1606 and 1637 cm ™', respectively. The two higher-frequency
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bands align well with the bands of C seen in the steady-state
FTIR spectrum (Fig. 4). Interestingly, however, we find that the
band at 1498 cm ' is displaced from the FTIR band of C
observed at 1487 cm ™. Upon increasing the time delay between
excitation and probe these depletion bands disappear. At early
delays (~1-4 ps) positive differential absorption bands appear
at 1489 cm ™' (labelled 4), a double band feature at 1576
and 1594 cm ™' (labelled 5) and another double band feature
at 1618 and 1626 cm ' (labelled 6). These bands evolve at
longer delay times into bands 7, 8 and 9 at 1493, 1595 and
1630 cm ™, respectively. Bands 7, 8 and 9 are associated with an
intermediate species since they eventually evolve into the bands
at 1497, 1605, and 1636 cm ™" (bands 10, 12, and 13). Further-
more, an additional band (labelled 11) grows in at 1534 cm ™"
for longer delays. Within the accessible 2 ns delay range bands
10-13 do not decay and can thus be considered as being
associated with the final species in the experiment.

Singular Value Decomposition (SVD) of the transient data
matrix confirms the presence of three species.>® The transient
data matrix has therefore been fitted globally using the open-
source program Gloteran®® assuming a sum of three exponential
time profiles and a sequential model 1

GSLS]LSziﬁ (1)

In this model the ground state (GS) of C is excited by 320 nm
photons (hv) populating species s;. This species decays to
species s,, which in turn decays into a final long-lived s;3
species. Cross sections of the global fit at various IR frequencies
(Fig. 6) demonstrate excellent agreement with the experimental
data and lead to values for k, and k, of (7 + 1 ps)~" and (13 +
1 ps) ', respectively. The Species Associated Difference Spectra
(SADS) from model 1 are presented in Fig. 7 while Table 1
reports the frequencies of bands in the SADS and TR-IR spectra
using the labels introduced above.

A A (mOD)

-0.2

1600 1620 1640

Wavenumber (cm )

1580

Fig. 5 Time-resolved differential IR absorption spectra of C after being excited with 320 nm radiation in the 1464-1545 and 1572-1653 cm™* regions
with traces having been fitted with a spline. The labelled bands are discussed in the text and Table 1. On top of the two panels the pertaining steady-state

IR absorption spectrum is depicted.
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To identify the different species (TD-)DFT calculations have
been performed on the electronic ground and lowest excited
singlet state of the closed form as well as on the electronic
ground state of the various open forms shown in Fig. 1. Our
calculations find that the electronic ground state of the open O,
I, and I, forms are at higher energies by 18, 14, and 7 kecal mol %,
respectively, compared with C. If these isomers are indeed the
ones involved in the structural evolution of 2,2-diphenyl-2H-
chromene after ring opening, such energy differences would lead
to a sequential target model.

Fig. 8 displays the IR absorption spectra predicted for the
various species in the frequency regions studied in the TR-IR
experiments with frequencies of relevant modes being reported
in Table 1. The good agreement between the experimental IR
absorption spectrum of C and the theoretically predicted one

0-3 v T T T

= =
o N

A A (mOD)
o
[—]

1600 1620 1640

-1
Wavenumber cm

1580

Fig. 7 Species associated difference spectra (SADS) obtained from fits of TR-IR spectra shown in Fig. 5 using a sequential model. SADS have been fitted

with a spline.

Table 1 Top: Frequencies and labelling of bands in time-resolved IR and the species associated difference spectra (SADS) resulting from sequential
model 1. Bottom: (TD-)DFT calculated frequencies and mode descriptions of relevant modes of 2,2-diphenyl-2H-chromene (st: stretch, b: bending) in
the electronic ground and first excited singlet state of its closed form (C and S;, respectively) and the ground state of the open forms O, I; and I,

Labels 1st (cm™1) Labels 2nd (cm™1) Labels 3rd (em™)

1 1498 7 1493 10 1497

2 1606 8 1595 11 1534

3 1637 9 1630 12 1605

4 1489 13 1636

5 1576

5 1594

6 1618

6 1626

Calculated frequencies (cm™ ")

C S (0] I, I,

1482 (C=C, st) 1509 (C-H, b) 1480 (C=D0, st) 1485 (C-H, b) 1488 (C-H, b)

1492 (C-H, b) 1547 (C=C, st) 1562 (C- H, b) 1498 (C=C, st) 1504 (C=C, st)

1494 (C-H, b) 1571 (C=C, st) 1612 (C=C, st) 1552 (C-H, b) 1518 (C=C, st)

1575 (C=C, st) 1644 (C=C, st) 1599 (C=O0, st) 1551 (C-H, b)

1609 (C=C, st) 1607 (C=C, st) 1603 (C=O0, st)

1653 (C=C, st) 1638 (C=C, st) 1610 (C=C, st)
1646 (C=C, st)

This journal is © the Owner Societies 2019
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(TD-)DFT calculated IR absorption spectra of 2,2-diphenyl-2H-chromene in the electronic ground and first excited singlet state of the closed

form (C (black) and S, (dotted), respectively), and the ground state of the open forms O (blue), I, (green) and I, (red) in the spectral regions measured in

the TR-IR experiments shown in Fig. 5.

(orange and black traces in Fig. 4) provides support for the
validity of the predicted spectra of the other species. Fig. 4
shows that the most significant difference between experiment
and theory occurs for the highest-frequency band which is
predicted at 1653 cm ™" but observed at a slightly lower fre-
quency (1637 cm ™ '). Analysis of the normal modes leads to the
conclusion that the prominent bands observed in this region
are either associated with C=C bond stretches of the chromene
part (1487 and 1637 cm™ '), bond stretches within the phenyl
groups (shoulder on 1487 cm™' band), or combinations of
phenyl and chromene stretches (1606 cm ™).

Our calculations find that 2,2-diphenyl-2H-chromene has a
stable minimum on the potential energy surface of the lowest
excited singlet state S; which is in good agreement with the
results of previous CASPT2/CASSCF calculations®” on chromenes
related to the presently studied one. Inspection of the IR
absorption spectrum predicted for S; (Fig. 8) leads to the
conclusion that in the frequency region of interest all modes
of interest have shifted to considerably lower frequencies with
the most intense modes found at 1509, 1547 and 1571 cm ™.
Due to solvent response around zero delay time our experiments
can probe the dynamics only for delays larger than about
0.5-1 ps. The observation that the IR absorption spectrum
predicted for S; does not bear any resemblance to the SADS of
the first species, which is the first distinguishable species in our
experiments, clearly indicates that S; has decayed on this time
scale. This is an important conclusion because in combination
with the rate constants observed in the present experiments these
observations preclude, at least for 2,2-diphenyl-2H-chromene, a
model with two minima on the potential energy surface of the
lowest excited state and ps excited-state decays."*'® Instead, as
will be confirmed below, the first SADS must be associated with
an isomer in its electronic ground state.

Fig. 8 shows that ring opening has major consequences on
the IR absorption spectrum, both in terms of frequencies of
dominant bands as well as their intensities which are observed
to be significantly larger. Inspection of the modes reveals that
they are associated with the C=C stretching modes also

11694 | Phys. Chem. Chem. Phys., 2019, 21, 11689-11696

observed for the closed form. Importantly, however, the C—0
stretch vibration now becomes heavily mixed into these modes.
The fact that the C—=0 stretch participates in several vibrational
modes and is not a single isolated mode is unfortunate since
otherwise it could have served as an excellent marker for
following the ring opening process. Apart from stretch vibrations
also CH bending modes are observed to participate. Comparing
the spectra of the three open forms, it can be concluded that the
IR spectrum of the cisoid isomer O is reasonably distinct from
the trans—cis 1, and trans—trans I, isomers; it features bands at
1480, 1562, and 1583 cm™ ' that are relatively isolated from
analogous bands in the spectra of the other two. I, and I,, on the
other hand, display spectra that are quite similar to one another
and as a general trend the more intense bands of I, are blue-
shifted from their counterparts in 1.

Comparison of the SADS in Fig. 7 with the calculated IR
absorption spectra in Fig. 8 shows that the first SADS nicely fits
the spectrum expected for the cisoid form O. This SADS shows
weak positive and negative differential absorption peaks at 1489
and 1498 cm ™" labelled 4 and 1 in Fig. 5, respectively. The DFT
calculations find the 1480 cm™ ' mode of O in the same spectral
region as the 1482, 1492 and 1494 em™' modes from C but
predict that the O mode has a significant larger intensity than
the C modes, which explains the relatively small differential
signals seen in this spectral region at early delays in the TR-IR
spectrum. Furthermore, the O mode resides 2 cm ™" lower in
energy than the most intense C band at 1482 cm ™', which is in
line with the experimental TR-IR results in which the induced
absorption band 4 has a lower frequency than the bleached
band 1 (Av = 5 em™'). These differences in frequency and
intensity also provide a logical rationale for our previous obser-
vation that band 1 in the TR-IR spectra does not coincide with
the band observed in the steady-state FTIR spectrum. The same
considerations explain the differences in intensity and shape of
the negative differential absorption bands 2 and 3 compared
with the FTIR bands at 1606 and 1637 cm™ ' In particular, we
find that the overlap between the calculated 1612 cm™ " mode of
0 and the 1609 cm ™" mode of C reduces the intensity of band 2,
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and thus leads to a situation in which the intensity of band 2 is
smaller than that of band 3 while the reverse occurs in the FTIR
spectrum.

Further support for the assignment of the first SADS to the
cisoid form O is provided by the induced double absorption
feature at 1618 and 1626 cm™ ' in the TR-IR spectrum (band 6).
The 1618 cm™ ' band is 12 em ™" higher in frequency than the
bleached band 2 at 1606 cm ™", an ordering that is in line with
the DFT-calculated frequencies that predict bands for O and C
at 1612 and 1609 cm™ ', respectively. The presence of the
second component of this band at 1626 cm™* (9 cm ™" lower
in frequency than band 3) on the other hand, is in line with the
frequency difference of 9 cm™"' calculated for the highest-
frequency modes of O and C. Finally, the mode calculated at
1583 cm ! for O nicely coincides with the induced absorption
band 5 at 1576 cm ™.

The second and third SADS show in the lower-frequency
panel bands at 1493 and 1497 cm™ ', respectively, with a
shoulder at lower frequencies. Such a feature is also clearly
present in the spectra predicted for I, and I,. The intensities
and shapes (in terms of intensity ratio and frequency difference
between shoulder and maximum of the band) of these bands
argue for an assignment of the second SADS to I, and of the
third SADS to I,. Such an assignment is consistent with the
features of the SADSs observed in the higher-frequency panel.
Here the second species displays a band at 1595 cm ™" (band 8
in the TR-IR spectra) which was concluded to derive from an
intermediate species. This band is 10 cm ™" lower in frequency
than the band at 1605 cm ™" in the SADS of the third species,
with both bands being broad and exhibiting a shoulder at lower
frequencies. This is exactly as predicted by the DFT calculations
on I, and I, that show double band features at 1599/1607 cm ™ *
and 1603/1610 cm ™ ', respectively.

With this SADS assignment the other observations on the
TR-IR spectra made previously can also be rationalized. These
spectra showed the disappearance of the ground-state depletion
band 2 for longer time delays which logically follows from
the coincidence of the 1603/1610 cm™ ' band of I, and the
1609 cm ' mode of C. Finally, the transition from the second
to the third species leads to a transition of band 9 into band 13
in the TR-IR spectra. Indeed, the frequency difference between
bands 9 and 13 matches the frequency difference between the
highest-frequency bands of I, and IL,.

We thus conclude that the three SADS are associated with
the O, I;, and I, open isomers of 2,2-diphenyl-2H-chromene,
and that these species are populated sequentially. For other
chromenes it has been concluded previously that an equilibrium
exists between the I; and I, isomers'*™*° but such an equilibrium
would clearly be incompatible with the present experimental data
as well as the energies calculated for the three isomers. It is worth
noticing, however, that the dipole moments of the various closed
and open isomers differ significantly. The dipole moment of the
closed form C is 1.4 Debye, but for the O, 1;, and I, forms dipole
moment of 3.3, 3.9, and 5.9 Debye are calculated. Bearing in
mind that the present experiments have been performed in a
highly polar solvent (acetonitrile), it might thus very well be that
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for apolar solvents an equilibrium is ultimately established
between I; and I,. These differences in dipole moment are most
probably also (partly) responsible for the differences in
dynamics between the present study and the UV/Vis transient
absorption studies on 2,2-diphenyl-2H-chromene reported
previously." In the latter studies decay times of 0.23, 1.1, and
1.4 ps were reported for solutions of 2,2-diphenyl-2H-chromene
in n-heptane. In the latter study, however, excitation was per-
formed at 267 nm, thereby exciting a higher-lying singlet state.
As a result, internal conversion may also come into play, and
conical intersections might become accessible which are more
difficult to reach for lower excitation energies.

4 Conclusions

Time-resolved vibrational spectroscopy has been employed to
investigate the photochromic ring-opening of 2,2-diphenyl-2H-
chromene. The electronic and conformational resolution offered
by these experiments has been shown to be a powerful means to
unravel the various processes occurring upon photoexcitation
of this prototypical compound. Aided by quantum chemical
calculations the experimental observations have allowed for a
number of key conclusions to be made. Firstly, on a time scale
of 0.5-1 ps no evidence is observed for the presence of an
excited-state species, neither in a zwitterionic nor in a neutral
form. Taking conservative signal-to-noise ratios this implies
that internal conversion to the electronic ground state must
occur with time constants faster than a few hundred fs, and
certainly not on a time scale of ps as hypothesised in the past.
Secondly, internal conversion to the ground state occurs exclusively
to an open cisoid isomer, and not via a concerted process that
breaks the O;-C, bond and directly populates the trans—cis and
trans-trans open isomers. The latter two isomers, in contrast, are
formed in a sequential process from the cisoid isomer in which first
the trans—cis isomer is formed with a time constant of 7 ps, and
from this isomer the trans-trans isomer with a time constant of
13 ps. Thirdly, the open isomers accessed upon relaxation from the
cisoid isomer do not exhibit a conformational equilibrium. It is the
trans-trans isomer that is the final species in the experiments, and it
is from this species that subsequent structural relaxation to the
closed isomer occurs (but on much longer time scales than the
time scale investigated here). Finally, calculations and experi-
ments indicate that the various closed and open isomers have
significantly different dipole moments. These differences could
be an excellent starting point for tailoring the dynamics of these
compounds to specific applications.

The present experiments have not yet been able to ‘catch’ the
molecule in the act of bond-breaking. They have, however,
provided a solid starting point for further experiments with
higher time resolution that specifically focus on aspects where
this process might be put into the full light of spectroscopic
techniques. Such experiments are presently underway.
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