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and Density Functional Theory Calculations

Yong Du,™"! Jiadan Xue,™ ! Ming-De Li,"™ Xiangguo Guan,

[a]

David W. McCamant,"” and David Lee Phillips*!*!

Abstract: A combined femtosecond
transient absorption (fs-TA) and nano-
second time-resolved resonance
Raman (ns-TR?) spectroscopic investi-
gation of the photoreaction of 2-ben-
zoylpyridine (2-BPy) in acetonitrile
and neutral, basic and acidic aqueous
solvents is reported. fs-TA results
showed that the nm* triplet 2-BPy is
the precursor of the photocyclisation
reaction in neutral and basic aqueous

aqueous solvent after the decay of the
cis singlet zwitterionic species and this
new species was tentatively assigned to
the photocyclised radical anion. The
ground-state conformation of 2-BPy in
acidic aqueous solvent is the pyridine
nitrogen-protonated 2-BPy cation (2-
BPy-NH*) rather than the neutral
form of 2-BPy. After laser photolysis,
the singlet excited state (S;) of 2-BPy-
NH™ is generated and evolves through

excited-state proton transfer (ESPT)
and efficient intersystem crossing (ISC)
processes to the triplet exited state (T))
of the carbonyl oxygen-protonated 2-
BPy cation (2-BPy-OH™) and then
photocyclises with the lone pair of the
nitrogen atom in the heterocyclic ring.
Cyclisation reactions take place both in
neutral/basic and acidic aqueous sol-
vents, but the photocyclisation mecha-
nisms in these different aqueous sol-

solvents. The cis triplet biradical and
the cis singlet zwitterionic species pro-
duced during the photocyclisation reac-
tion were initially characterised by ns-
TR? spectroscopy. In addition, a new
species was uniquely observed in basic

Introduction

The photochemistry and photophysics of benzophenone
(BP) and of its derivatives have been the subjects of many
studies due to their importance in understanding the photo-
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vents are very different. This is likely
due to the different conformation of
the precursor and the influence of hy-
drogen-bonding of the solvent on the
reactions.

photo-

solvent ef-

sensitiser mechanisms of electron transfer and hydrogen ab-
straction in the lowest triplet electronic excited states.'*!
Di(n-pyridyl) ketones (n-DPK)P7122%3231 and p-benzoyl-
pyridines (n-BPy)+6:1316.20.2931-32.3536] (y represents the posi-
tion of the nitrogen atom position within the aromatic rings)
are particularly interesting because they contain heteroaro-
matic ring(s) in which the nitrogen atom may appear at dif-
ferent positions within the molecule and this can significant-
ly change the photophysical properties and photochemical
reactivity of their nm* triplet states.[*!>1>1618] The lifetimes
of the triplet states of n-DPK and n-BPy with n=3 and 4
are shorter than that of BP due to the electron-withdrawing
effect of the heterocyclic nitrogen atom,>®%13151 but they
still undergo hydrogen abstraction reactions similar to
BP!31539 and form ketyl radical analogue intermediates
that produce a light-absorbing transient (LAT) in hydrogen-
donor solvents such as 2-propanal.l’"!

However, 2-DPK and 2-BPy display appreciably different
photodegradation behaviour in solvents with hydrogen-
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bonding ability because intramolecular cyclisation reactions
take place. Scheme 1 shows the proposed photocyclisation
reaction pathways of 2-BPy in aqueous solvent as proposed
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Scheme 1. Photocyclisation reaction pathways of 2-BPy in aqueous solvents proposed by Hurt and Filipescul*!

and Favaro and co-workers.['’]

by Hurt and Filipescul’ as well as by Favaro and co-work-
ers.1%? By irradiation of 1 in a degassed aqueous solution,
Hurt and Filipescu!® observed orange 3’, which was identi-
fied by characterisation of air-sensitive hydrochloride 13,
formed in the presence of dry HCI in degassed tetrahydro-
furan, and a yellow-orange solid 12°, formed by sodium re-
duction in EtOH. Favaro and co-workers!'®?! suggested the
prevailing reaction pathway should involve an attack of the
carbon atom in the pyridyl group because they identified
product 10 by monitoring the changes in the product’s UV
absorption spectrum after acidification and basification of
the solution. In addition, Favaro and co-workers detected
two transient species by a time-resolved absorption tech-
nique. One of these two short-lived intermediates with
Amax =475 nm and t1=450 ns in water was assigned to diradi-
cal 2 and the other with t=600 ps in water was identified as
having the zwitterionic structure 3. At room temperature,
the zwitterions 3 produced species 8, which decayed in
hours by thermal loss of a hydrogen atom to 9, which was
transformed into 10 in the presence of air.””

The properties of n-BPy in acidic aqueous solutions have
also attracted attention. It was found that the lifetimes of n-
BPy are shorter in acidic aqueous solution than BP, but the
reason for this is not clear."®) Moreover we note that there
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are few studies on the early behaviour of 2-BPy, especially
in aqueous solvent.'*?! Clear characterisation of the kinet-
ics and other properties of the transient species by laser
flash photolysis (LFP) is ham-
pered because of the featureless
overlapping of the absorption
bands of these species and their
coexistence on the same time-
scale.

In this work femtosecond
transient absorption (fs-TA)
and nanosecond time-resolved
resonance Raman (ns-TRY) ex-
periments were performed on
2-BPy in acetonitrile (MeCN),
H,0/MeCN (1:1 by volume)
and H,O/MeCN containing
N 0.05M NaOH and HCIO, (de-

1.0 10 noted hereafter as neutral,

) 8 basic and acidic aqueous sol-
OH— vents, respectively). To the best
and ) of our knowledge, this is the

N first study of the overall direct

1 vibrational and structural char-

acterisation of the intermedi-
ates and dynamics of the photo-
cyclisation reaction mecha-
nism(s) of the photoreaction of
2-BPy in aqueous solvents fol-
lowing UV laser photolysis. ns-
TR? spectroscopy is an effective
technique for more clearly char-
acterising the structural and
electronic properties of transient species and has been used
to help identify the intermediates and photoproducts of BP,
3-BPy and 4-BPy in 2-propanal and aqueous sol-
vents.[*313637 To help determine the geometries of these in-
termediate species and to assign the experimental vibration-
al bands, density functional theory (DFT) calculations were
performed by using the (U)B3LYP methods with the 6-
311G** basis set for all of the species examined herein.
These results have provided us with useful information
about the photoreaction of 2-BPy and generated firm evi-
dence for the reaction mechanism(s) of this molecule in
aqueous solvents under different pH conditions. The fs-TA
and ns-TR® measurements indicated that the lowest triplet
state of 2-BPy has an nnt* configuration and is the precursor
of the photocyclisation reaction in neutral/basic aqueous sol-
vents. In neutral/basic aqueous solvents, two short-lived in-
termediates 2 and 3 were identified and characterised by
resonance Raman spectra, which supported previous tenta-
tive assignments made on the basis of LFP."! In acidic aque-
ous solvent, as a result of a different precursor conformation
and the effect of hydrogen-bonding with the solvent, 2-BPy
exhibits a distinctly different reaction pathway. This paper
presents the first characterisation of the photochemical reac-
tions of 2-BPy in acidic aqueous solvent on the femto- to
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microsecond timescale. In acidic aqueous solvent, the singlet
excited state (S,) of the pyridine nitrogen-protonated 2-BPy
cation (2-BPy-NH7) is generated from the ground state (Sy)
of 2-BPy-NH™ after laser photolysis and then evolves into
the triplet exited state (T,) of the carbonyl oxygen-protonat-
ed 2-BPy cation (2-BPy-OH™). 2-BPy-OH* then photocycl-
ises with the nitrogen lone-pair involved in the cyclisation
process. Although cyclisation reactions take place in both
neutral/basic and acidic aqueous solvents, the reaction
mechanisms in these two different types of aqueous solvents
are very different to one another.

Results and Discussion
Steady-state UV/Vis spectra: Figure 1 shows the UV/Vis

spectra of 2-BPy recorded in neat MeCN and neutral, basic
and acidic aqueous solvents. It can be seen that the absorp-
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Figure 1. Top) UV/Vis spectra of 2-BPy in neat MeCN (solid), neutral
(dot) and basic (dash) aqueous solvents. Bottom) UV/Vis spectra of 2-
BPy in neutral aqueous solvent (solid) and in acidic aqueous solvents
containing 0.03 (dash line), 0.05 (dot) and 12m (dash dot) HCIO,.

tion spectrum of 2-BPy in MeCN has a strong band with a
maximum at 260 nm characteristic of a mz* absorbance tran-
sition and is very similar to the absorption spectrum of the
parent BP."!! In neutral and basic aqueous solvents, the full-
width at half-maximum (FWHM) of this absorption band re-
mains unchanged and the absorption band is redshifted rela-
tive to the band in neat MeCN. The formation of hydrogen
bonds with the aqueous solvent accounts for these small red-
shifts, and thus in neutral and basic aqueous solvents the
ground state 2-BPy should have the same neutral form as
that in MeCN. However, in acidic solvents containing 0.03
and 0.05Mm HCIO,, in addition to the redshift of the absorp-
tion band relative to that in the neutral aqueous solvent, the
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FWHM of the band becomes much narrower and this is
likely due not just to the influence of the hydrogen-bonding
solvent effect. Increasing the concentration of acid in the
solvent leads to the formation of a new band at ~300 nm.
In an acidic solvent containing 12m HCIO,, the band at
300 nm is clear and strong. The new band at 300 nm is sub-
stantially different to that at ~340 nm arising from the car-
bonyl oxygen-protonated BP cation (BP-OH™').2*334 QOn
the basis that the pyridine nitrogen atom is easily protonat-
ed and that carbonyl oxygen protonation of the ground state
BP is negligible in 5.8m HCIO,* it is probable that in
acidic aqueous solvents containing 0.03 and 0.05m HCIO, 2-
BPy-NH™ coexists with the neutral form of 2-BPy.

Resonance Raman (RR) spectroscopy: The RR spectra ob-
tained on 309.1 nm excitation of 2-BPy in MeCN and neu-
tral, basic and acidic aqueous (containing 0.05M NaOH and
HCIO,) solvents and a comparison of these spectra with the
DFT-calculated normal Raman spectra of the ground-state
2-BPy-NH™' are displayed in Figure 2. Examination of
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Figure 2. The RR spectra of 2-BPy in A) neat MeCN, B) neutral, C) basic
and D) acidic aqueous solvents obtained on 309.1 nm excitation. E) The
difference spectrum obtained by subtraction of the RR spectrum record-
ed in neutral solvent from the RR spectrum in acidic solvent. F) DFT-cal-
culated Raman spectrum for the ground state 2-BPy-NH™. The asterisk
marks a region affected by solvent subtraction artefacts.

Figure 2 shows that the RR spectra of 2-BPy observed in
neutral and basic aqueous solvents are essentially identical
with the same intensity and frequency distributions, but
slightly different to that observed in MeCN (see the two
bands between 1400 and 1500 cm™'). The different relative
intensities of the Raman bands at 1545 and 1584 cm™,
which correspond to aromatic stretching of the pyridyl and
phenyl groups, respectively, can be attributed to hydrogen-
bonding at the pyridine nitrogen atom in aqueous solvents
and the accompanying changes in the geometry of 2-BPy. In
addition, the hydrogen-bonding effect at the carbonyl
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oxygen atom is also evident in the RR spectra. For example,
the Raman feature at 1665 cm™! in neat MeCN correspond-
ing to the C=0 stretching vibrational mode shows a 4 cm™
frequency upshift compared with those at 1661 cm™ record-
ed in neutral and basic aqueous solutions. This result is in
agreement with the expected hydrogen-bonding interaction
at the carbonyl oxygen atom lengthening the C=0 bond and
weakening its restoring force leading to a downshift of its vi-
brational frequency.

In the acidic aqueous solvent, the RR spectrum for 2-BPy
is significantly different to that recorded in the neutral aque-
ous solvent. This is visible not only in the frequencies but
also in the relative intensities of the vibrational modes, espe-
cially for the three Raman bands in the 1400-1500 cm™'
region. The contribution of the neutral form of 2-BPy was
removed by subtracting an appropriately scaled Raman
spectrum recorded in neutral aqueous solvent so that the
strongest Raman band at 1584 cm™ for the neutral form 2-
BPy was completely removed. The difference spectrum is
presented in Figure 2E and it can be seen that it is very simi-
lar to the unsubtracted spectrum recorded in acidic solvent.
This indicates that the neutral form of 2-BPy exists as a
“minor” contribution in the acidic solvent. A computed
Raman spectrum for 2-BPy-NH* is presented in Figure 2F
and allows a comparison with the difference Raman spec-
trum. The calculated frequencies and the tentative assign-
ments of the experimental features made on the basis of a
correlation between the experimental and calculated spectra
are presented in Table 1S of the Supporting Information. It
is clear that the experimental features seen in the difference
spectrum recorded in acid aqueous solvent are reproduced
very well in the calculations and this strongly supports the
assignment of the spectrum to 2-BPy-NH™.

The B3LYP/6-311G** calculations show that attachment
of the proton to the pyridine nitrogen atom causes the bond
lengths of 2-BPy to change noticeably, especially those in
the pyridyl group (a detailed discussion about the structure
is given in the Supporting Information). The Raman feature
at 1673 cm™' in the experimental spectrum of 2-BPy-NH*
represents the carbonyl C=0O stretching vibration and has a
12 cm™ upshift relative to the corresponding vibration at
1661 cm ™! observed in neutral aqueous solvent. This result is
consistent with the structure of 2-BPy-NH™* predicted by
DFT calculations in which the C=O bond length is 1.2191 A,
shorter than that of 1.2205 A in the neutral 2-BPy species.
Thus, in MeCN and neutral and basic aqueous solvents, 2-
BPy exists in the neutral form whereas in the acidic aqueous
solvent 2-BPy-NH™ is the predominant form.

Femtosecond transient absorption (fs-TA) spectroscopy of
2-BPy in MeCN and aqueous solvents: Figure 3 displays
representative fs-TA spectra of 2-BPy in MeCN and neutral
aqueous solvents at room temperature after 266 nm photo-
excitation. Inspection of Figure 3 shows that the spectra ac-
quired in neat MeCN (A) and in neutral aqueous solvent
(B) are similar at short delay times as a broad absorption
(Amax=560 nm) was observed that can be assigned to the
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Figure 3. fs-TA spectra of 2-BPy in A) MeCN, B) neutral and C) acidic
aqueous solvent recorded with 267 nm excitation.

S,—S, transition.?*! The initial changes in the spectra have
mainly been attributed to S;—T, intersystem crossing (ISC),
which results in the well-known absorption corresponding to
the T,—T, transition with a maximum at 505 nm. The for-
mation of the T, states was monitored at 505 nm and the re-
sults are displayed in Figure 4 together with exponential fit-
tings of the experimental data points. The temporal change
of the 505 nm band can be fitted by using a bi-exponential
growth function with time constants of ¢ =(0.48+0.07)
(45.3%) and t,=(6.4+0.7) ps (54.7%) in MeCN and t,=
(0.63£0.11) (56.7%) and £,=(6.9+1.5) ps (43.3%) in neu-
tral aqueous solvent. The short growth time is due to the ul-
trafast internal conversion (IC) of S, directly to S; (S; also
has an absorption contribution at 505 nm) and the higher
value results from the S,—T, transition. The S;,—T, transi-
tion time of ~6 ps is shorter than the ~10 ps observed for
BP"¥ and this indicates that the presence of nitrogen in the
aromatic ring accelerates the ISC rate of the 2-BPy mole-
cule. Considering the remarkable differences in the polarity
and hydrogen-bonding ability of MeCN and water, the simi-
larity of the spectra and dynamics of the two solvent systems
suggests there is only a modest influence of these solvent
properties on these processes. This result is consistent with
the nearly solvent-independent ISC dynamics reported in
our previous studies on the benzoin diethyl phosphate mole-
cule system.!

However, the spectra recorded in the neutral aqueous sol-
vent at longer delay times display distinctly different fea-
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Figure 4. The time-dependence of the transient absorption spectra of 2-
BPy in A) MeCN and B) neutral aqueous solvent monitored at 505 nm.
The solid lines indicate the fitting of the kinetics to the experimental
data points using exponential functions (see text for more detail).

tures to those observed in MeCN. In neat MeCN, the ab-
sorption of the triplet 2-BPy persisted up to 1.8 ns, which is
the maximum measurement time-delay of our instrument
(shown in Figure 4A). However, in the neutral aqueous sol-
vent, the triplet decayed but not completely within 1.8 ns
(see Figure 4B) and produces a new species that has a maxi-
mum absorbance at 480 nm and a shoulder at 420 nm (see
the 1150 ps spectrum, Figure 3B). This result is consistent
with a previous observation!'” and indicates that the latter
(480 nm absorbing) species should be the cyclisation inter-
mediate, cis biradical 2 (see Scheme 1).' A similar fs-TA
measurement was performed in the basic aqueous solvent
and the spectra obtained are shown in Figure S5 in the Sup-
porting Information. The fs-TA spectra recorded in the
basic aqueous solvent are almost the same as those recorded
in the neutral aqueous solvent.

The absorption spectra (Figure 3C) recorded in the acidic
aqueous solvent are significantly different to those recorded
in neat MeCN and in the neutral and basic aqueous solvents.
The 0.3 ps spectrum displays a long tail beyond 440 nm al-
though with a small absorption band at ~560 nm. This pat-
tern differs to that of the S, state of 2-BPy in MeCN and the
neutral aqueous solvent. Because the ground state 2-BPy-
NH" is the major species in the acidic aqueous solvent, we
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tentatively attribute the 0.3 ps spectrum to its S; state. As
the 2-BPy-NH™ S, state decays, a new absorbance band de-
velops at 514 nm as well as a shoulder at 390 nm to the band
at 350 nm, as shown in the 25 ps spectrum (Figure 3C). This
spectrum closely resembles that of triplet BP-OH*, which
has clear absorption bands at 500, 385 and 320 nm.?¥ This
result indicates that the triplet 2-BPy-OH™ is generated and
then decays, but not completely within the observable time-
scale of our instrument. All these results provide further
support that the conformation of 2-BPy in acidic aqueous
solvent is not the neutral 2-BPy (shown in the above sec-
tions) and also implies that the species recorded in the ns-
TR? spectra in the acidic aqueous solvent (this will be pre-
sented in a later section) does not result from the nz* triplet
2-BPy.

Nanosecond time-resolved resonance Raman (ns-TR?) spec-
troscopy and comparison with the results of DFT calcula-
tions

ns-TR’ study in MeCN': Figure 5A displays the transient res-
onance Raman spectrum of 2-BPy in MeCN obtained at a
nominal time delay of 0 ns and an overview of the TR* spec-
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Figure 5. The transient resonance Raman spectrum of A)2-BPy in
MeCN acquired at a nominal O ns time delay between the pump and
probe pulses is compared with B) the triplet BP spectrum. The two spec-
tra were obtained with 266 nm pump and 319.9 nm probe excitation
wavelengths.

tra acquired for 2-BPy in MeCN at a number of different
time delays is presented in Figure S1 of the Supporting In-
formation. Only one species was observed after 266 nm
laser pulse photolysis of 2-BPy in MeCN. This species was
assigned to triplet 2-BPy because it is sensitive to oxygen
and its resonance Raman spectrum is very similar to that of
triplet BP (see Figure 5B). Examination of Figure 5 shows
that the resonance Raman spectrum of the triplet 2-BPy
species corresponds well to that of triplet BP with only mod-
erate differences, such as the Raman feature corresponding
to a 40 cm™' downshift of the carbonyl C—O stretch from
1214 cm™ in the triplet BP spectrum to 1176 cm™ in the
triplet 2-BPy. The tentative vibrational assignments based
on DFT calculations of the Raman frequencies predict that
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whereas it is only 7° between
the carbonyl bond and the
plane of the pyridyl group in
the triplet 2-BPy. In previous
studies the frequency of the C—
O stretch mode appears in the
1400-1600 cm ™! range for a mm*
dominated triplet state whereas this mode will appear in the
1200-1400 cm ™! region for a typical nm* triplet state.’**) As
illustrated above, the C—O stretching frequency for the trip-
let 2-BPy is at 1176 cm ™!, which indicates that the triplet 2-
BPy has an nm* dominated configuration, in good agree-
ment with previous reports on the electron-withdrawing
effect of the heterocyclic nitrogen atom enhancing the trip-
let nmw* character of benzoylpyridine.[®813.15.16.18]

The characteristic Raman band at 1543 cm™' for the trip-
let 2-BPy was integrated with Lorentzian band shapes and
the integrated intensity of this band could be fitted very
well by a single-exponential decay function with a time con-
stant of (56+5) ns, as shown in Figure S2 of the Supporting
Information. This result is comparable with that for the
decay of triplet BP with a time constant of 75 ns in MeCN®*!
and also suggests that the triplet 2-BPy is produced with a
high quantum yield close to unity due to the small energy
gap and strong spin—orbit coupling between the exited sin-
glet and triplet states of 2-BPy.

ns-TR? study in neutral and basic aqueous solvents: Figure 6
displays representative ns-TR? spectra of 2-BPy acquired in
neutral (A) and basic (B) aqueous solvents with time delays
between the 266 nm pump and 309.1 nm probe pulses vary-
ing from 0 ns to 300 and 500 ps, respectively. The spectra in
Figure 6 show that the UV photolysis of 2-BPy in aqueous
solvent produces a very complicated photochemical behav-
iour that involves several different transient species. At 0 ns,
the characteristic bands at 977 and 1557 cm ™" are the stron-
gest for triplet 2-BPy, which in neutral and basic aqueous
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Figure 6. Nanosecond time-resolved resonance Raman spectra of 1.5 mm 2-BPy in A) neutral and B) basic
aqueous solvents obtained with a 266 nm pump excitation wavelength and a 309.1 nm probe wavelength at var-
ious delay times. The asterisks mark regions that may be affected by subtraction artefacts.

solvents has a lifetime shorter than 20 ns (see the 977 cm™!

Raman band in Figure 6) and coexists with another species
characterised by Raman bands at 1475 cm! at short delay
times. This result is consistent with the fs-TA observations
that the triplet 2-BPy decayed and generated a new species
with a maximum absorption at 480 nm in the neutral and
basic aqueous solvents. The dynamics of the latter species
was obtained by fitting the 1475 cm™' Raman band area
with a Lorentzian function and was fitted well by an expo-
nential decay function with time constants of ~115 and
~120 ns in the neutral and basic aqueous solvents, respec-
tively. As the 1475 cm™' Raman band decays another new
species gradually grows with a strong Raman band at
1506 cm™'. The kinetics of the species associated with the
1506 cm™! band in the neutral aqueous solvent can be ob-
tained by fitting the change in the intensity of the band with
exponential growth and decay components. This fitting gives
time constants of ~113 ns, determined for its growth com-
bined with a decay time of ~76 ps. The correlated time con-
stants for the decay of the 1475 cm™ band (=115 ns) and
the growth of the 1506 cm™ band (=113 ns) imply that
there is a direct transformation of the species associated
with the 1475 cm ™ band into the species associated with the
1506 cm™' band being produced. However, in the basic
aqueous solvent, the areas of the latter were fitted better by
using an exponential growth function combined with two ex-
ponential decay functions. The time constant observed in
the basic aqueous solvent was estimated to be ~120 ns for
its growth and ~4.1 ps (64 %) for a fast decay component
and ~76 ps (36 %) for a slow decay component. The slow
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decay component closely resembles the behaviour observed
in the neutral aqueous solvent in which, under the condi-
tions of observation, no new Raman bands are seen after
the 1506 cm™' Raman band disappears, but there is a new
species in the basic aqueous solvent that appears and dis-
plays clear Raman spectra between 5 and 120 ps, as shown
in Figure 6. This new species observed under basic aqueous
conditions exhibits a number of Raman bands, namely those
at 720, 1234, 1317, 1459, 1564 and 1595 cm™'. The 1459 cm™
band was selected to follow the kinetics of the new species
and its area is fitted well by using an exponential growth
function with a time constant of ~15.3 ps and a decay com-
ponent with a time constant of 155 ps. The time dependen-
ces of the areas of the Raman bands and the fitted exponen-
tial functions, including the estimated time constants men-
tioned above, are all presented in Figure S3 of the Support-
ing Information.

Further ns-TR? measurements in neutral and basic aque-
ous solvents using a 309.1 nm probe wavelength were also
performed with oxygen-purging (these results are shown in
Figure S4 of the Supporting Information). The spectra ac-
quired with oxygen-purging show that the lifetime of the
species associated with the 1506 cm™' Raman band is no dif-
ferent to that obtained in the presence of air, as reported
above. This suggests that the new species at 1506 cm™'
should not have triplet character.

In aqueous solvent, the shorter lifetime of 2-BPy is due to
a fast intramolecular photocyclisation with the formation of
a pyrrole ring.! Previous studies using pico- and nanosec-
ond-resolved laser flash photolysis techniques revealed two
different photoreaction pathways (Scheme 1) in aqueous sol-
vent."! The cis conformation pathway is predominant with
the trans conformation product 3’ only a minor product in
stronger hydrogen-bonding systems such as water."® In ad-
dition, the cis biradical 2 has a lifetime of 450 ns and the cis
zwitterionic singlet 3 has a lifetime of 600 us under the ex-
perimental conditions used by Favaro and co-workers.['"]
These results are consistent with the lifetimes of the new
species observed in the TR? spectra obtained in the neutral
and basic aqueous solvents. Thus, the two new species asso-
ciated with the 1475 and 1506 cm~' Raman bands observed
in the TR? experiments are tentatively assigned to the cis
biradical 2 and the singlet species 3, respectively.

Figure 7 presents the RR spectra of the cis biradical 2 and
singlet species 3. To characterise the biradical 2 (the
1475 cm™" species) clearly, the transient Raman spectrum
obtained at 0 ns using a 319.9 nm probe wavelength in neat
MeCN was appropriately scaled and subtracted from the
spectrum obtained in neutral aqueous solvent under the
same experimental conditions. The absence of the predicted
carbonyl stretching feature at ~1700 cm™' for the cis biradi-
cal 2 (Figure 7A) in the experimental spectrum can probably
be accounted for by the resonance Raman enhancement
effect on the Raman intensities observed in the experimen-
tal spectrum.

The new species associated with the 1459 cm™ Raman
band and uniquely observed in the basic aqueous solvent ap-
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Figure 7. A) RR spectrum for cis biradical 2 obtained after 266 nm laser
photolysis of 2-BPy in neutral aqueous solvent with a 319.9 nm probe at
a delay time of 0 ns after subtraction of an appropriately scaled spectrum
obtained in MeCN under the same experimental conditions. B) RR spec-
trum of cis singlet 3 acquired after 266 nm laser photolysis of 2-BPy in
neutral aqueous solvent at a time delay of 1.2 ps . The asterisks mark sub-
traction artefacts.

pears after the cis singlet 3 decays and its growth rate is
much slower (&15.3 ps) than the decay rate of the cis sin-
glet 3 species (/4.1 ps). A possible mechanism is proposed
in Scheme 2 and this new species was tentatively assigned to

o]
on- N_©
— ~ H,0+ 4

basic solvent 7
—~— K

H

4a l _H 4b

0]
N

Scheme 2. Possible mechanism for the formation of radical anion 5 in
basic aqueous solvent.

the radical anion 5. A B3LYP/6-311G** DFT calculation
was performed to localise the stable geometry of the radical
anion 5 and the result shows that radical anion 5 has a near-
planar structure with the radical ion delocalised throughout
the ring system. Figure 8 allows the DFT-predicted Raman
spectrum of radical anion 5 to be compared with the experi-
mental spectrum obtained by using the 50 uys Raman spec-
trum acquired in the basic aqueous solvent with a 309.1 nm
probe wavelength and subtracting the spectrum recorded at
a delay time of 200 ns under the same conditions. The de-
tailed comparison and possible vibration mode descriptions
for the calculated frequencies are listed in Table 2S of the
Supporting Information. The intense Raman bands at 1592
and 1557 cm™ are due to a combination of C=O stretching
and C—C and C-N aromatic stretching and the Raman
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Figure 8. A comparison of the experimental resonance Raman spectra
for A) the new species at 1459 cm ™' obtained after 266 nm laser photoly-
sis of 2-BPy in the basic aqueous solvent using 309.9 nm as the probe
wavelength at a time delay of 50 us subtracting the scaled spectrum re-
corded at 200 ns under the same conditions with B) the DFT-predicted
normal Raman spectrum for the radical anion 5. The asterisks mark re-
gions that may be affected by subtraction artefacts. Dashed lines display
the correlation between the experimental and calculated Raman bands.

bands at 1529, 1494 and 1459 cm™" arise from the C—C and
C—N aromatic stretching. The other Raman bands observed
in Figure 8 are mainly attributed to the C—H bending in the
ring plane. Examination of the spectra in Figure 8 and
Table 2S show that the experimental features seen in the ns-
TR? spectra are reproduced reasonably well by calculations
with an average difference frequency of only 12 cm™' for 18
vibration frequencies. This result further supports the assign-
ment of the species formed after a longer time in basic
aqueous solvent to the radical anion 5 and also provides fur-
ther evidence for the assignment of transient species 2 and
3, which proves the cis photocyclisation pathways are more
likely in neutral/basic solvents.

TD-DFT calculations found that the anion 4a or 4b has a
very weak transition at around 309.9 nm, which was used
here to excite the molecular system (the details of the TD-
DFT calculations are listed in Table 3S of the Supporting In-
formation). Therefore it is possible that the anion 4a or 4b
cannot be observed under the experimental conditions used
because it has a weak oscillator for the transition that could
enhance its resonance at the probe wavelength used in the
experiments.

ns-TR? study in acidic aqueous solvent and assignment of the
observed species and possible reactions of 2-BPy after short
delay times: Figure 9 displays representative ns-TR?® spectra
of 2-BPy in acidic aqueous solvent acquired with 266 nm
pump and 354.7 nm probe wavelengths at various delay
times from O ns to 10 ps. Under acidic aqueous solvent con-
ditions, the TR? results are distinctly different to those ob-
tained in neutral and basic solvent conditions. In the acidic
aqueous solvent only one species can be observed on the
nano- to microsecond timescale. The integrated areas for
the 1594 cm™' Raman band observed in the TR® spectra in
Figure 9 were plotted as a function of delay time and the
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Figure 9. ns-TR? spectra of 1.5 mm 2-BPy in acidic aqueous solvent ob-
tained with a 266 nm pump excitation wavelength and a 354.7 nm probe

wavelength at various delay times. The asterisks mark regions that may
be affected by subtraction artefacts.

data points were fitted by a bi-exponential function with a
growth time constant of 54 ns and a decay time constant of
1850 ns (see Figure S6 of the Supporting Information). The
same ns-TR? experiments were also performed with oxygen-
purging (the results are shown in Figure S7) and the lifetime
of this species showed a significant decrease compared with
that obtained in the presence of air. This result indicates
that the species observed in acidic aqueous solvent is likely
to have triplet character.

DFT computations were performed to study the photo-
cyclisation of 2-BPy in acidic aqueous solvent."” It was sug-
gested that among the eight investigated possible cyclisation
reaction pathways, the attack of the nitrogen atom of 2-
BPy-OH* (Scheme 3) has the lowest free-energy barrier
(3.4 kcalmol '). These computational results also showed
this reaction to have the lowest activation free-energy barri-
er and the biggest negative exothermic energy, which means
that the cyclisation reaction involving the attachment of the
nitrogen atom in 2-BPy-OH™* is much more kinetically and

H\

3 lor3
7 N
R Ne

6

Scheme 3. The lowest free-energy barrier reaction pathway involving the
attack of the nitrogen atom of 2-BPy-OH*.
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thermodynamically favourable. On the basis of the high re-
activity of the triplet 2-BPy-OH™ in the photocyclisation re-
action, the unique species observed in the TR? experiments
in acidic aqueous solvent was tentatively assigned to the
triplet tricyclic cation species 7 in Scheme 3. To verify this
assignment, DFT calculations were performed to predict the
Raman frequencies of the tricyclic cation 7 and the results
compared with the experimental spectrum. Figure 10 pres-
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Figure 10. A comparison of A) the experimental resonance Raman spec-
tra of 2-BPy in acidic aqueous solvent at a 70 ns delay time and B) the
DFT-predicted normal Raman spectra of the triplet tricyclic cation 7.
The inset displays an enlarged view of the calculated spectrum in the
6001300 cm™" region for easier comparison of the less intense Raman
bands. Dotted lines display the correlation between the experimental and
calculated Raman bands.

ents a comparison of the experimental TR® spectrum ob-
tained at 70ns under acidic aqueous conditions (see
Figure 9) with the UB3LYP/6-311G** DFT-calculated
normal Raman spectrum of the triplet-state tricyclic cation
7. Inspection of Figure 10 reveals that the calculated normal
Raman spectrum for the triplet state of the tricyclic cation 7
exhibits reasonable agreement with the experimental TR®
spectrum for the species shown in Figure 9. Ten strong
Raman bands were observed at 726, 935, 994, 1027, 1149,
1181, 1225, 1487, 1564 and 1593 cm™!, most of which are due
to vibrations associated with ring C—C or C—N stretching
and C—H bending motions. The 1593, 1564 and 1487 cm™"
Raman bands are mainly due to ring C—C and C—N stretch-
ing vibrational modes, the 1225, 1181, 1149, 1027 and
994 cm™' Raman bands are from C—H bending modes and
the 935 and 726 cm ' Raman features are attributed to the
ring deformation modes. The spectra shown in Figure 10 dis-
play moderate differences in their relative Raman intensity
patterns and this is likely accounted for by resonant en-
hancement of the experimental spectrum whereas the calcu-
lated spectrum is a non-resonant Raman spectrum. All these
results strongly support assignment of the experimental
spectra in Figures 9 and 10 to the triplet tricyclic cation 7.
The RR spectrum of 2-BPy recorded in acidic aqueous
solvent with 309.9 nm excitation reveals (at least in the
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mixed aqueous solvent containing 0.05m HCIO, examined
here and shown in Figure 2E) that most of the 2-BPy is pro-
tonated and exists mainly in the ground state 2-BPy-NH*
form. This result is consistent with the higher value of pK,
of the pyridine nitrogen atom relative to the carbonyl
oxygen atom, which remains negligibly protonated even in a
5.8M HCIO, solution.® The fs-TA spectrum obtained im-
mediately after 267 nm photolysis of 2-BPy in an acidic
aqueous solvent after a short time (see the 0.3 ps spectrum
in Figure 3C) shows significant differences to the analogous
spectrum recorded in the neutral aqueous solvent and this
provides further confirmation that the precursors of the
photoreaction are likely different in the acidic and neutral
aqueous solvents. Both the neutral 2-BPy ground state and
its excited states, including S; and T, exhibit similar electron
configurations to those of the corresponding states of BP[!f!
and this was also verified by the UV/Vis steady-state ab-
sorption and fs-TA measurements reported in the previous
sections. Therefore the fs-TA spectra recorded at 0.3 and
25 ps in acidic aqueous solvent were assigned to the 2-BPy-
NH* lowest singlet (S,) state and the 2-BPy-OH™ triplet
(T,) due to their resemblance to the spectra of the S, state
of neutral 2-BPy and the BP-OH* species.”*!

The 2-BPy-NH* S, state evolves into the 2-BPy-OH™* T,
by excited-state proton transfer (ESPT), pyridyl group rota-
tion and intersystem crossing (ISC) with the aid of water, as
shown in Scheme 4. From our current fs-TA measurements

I

o
'ﬁ o
v
AN hv
| -
F
cis-2-BPy-NH" S,
H\
?......H\

+
"
= ISC
| -~
/N rotation

trans-2-BPy-OH" T,

cis-2-BPy-OH* S,

Scheme 4. Possible mechanism for the reaction of 2-BPy in acidic aque-
ous solvent after a short reaction time.

it is hard to identify each process explicitly, but our results
suggest all of these processes occur within several tens of pi-
coseconds or even much faster for some of the processes.
This result is consistent with a previous study in which it
was found that the ESPT process can occur on the timescale
of 150 fs to 250 ps in a hydrogen-bonded acid-base com-
plex*! and in encounter pairs formed by the diffusion of un-
complexed photoacid and -base molecules,*>*! respectively.
The ESPT process here appears to prefer to occur in the
lowest singlet states (S;) rather than in the lowest triplet
states (T;) as a result of the triplet-state energies of the re-
actions predicted by the DFT calculations. The results of the
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DFT calculations show that the cis-2-BPy-OH™ triplet T,
has an energy ~12 kcalmol ™' higher than that of the cis-2-
BPy-NH* triplet T, and this means there is a reaction barri-
er of more than 12 kcalmol™' for the direct conversion of
cis-2-BPy-NH™" T, into cis-2-BPy-OH™ T,. The presence of
such a barrier is not consistent with our observation that all
of the processes involved in the evolution of 2-BPy-NH™' S,
to 2-BPy-OH* T, occur within several tens of picoseconds.

Comparison of the triplet 2-BPy and BP species: The triplet
2-BPy observed in the fs-TA and ns-TR® measurements dis-
plays an nzt* character similar to the triplet BP. In addition,
substitution of the heterocyclic nitrogen atom leads to a
slight change in the triplet geometry as a result of differen-
ces in the carbonyl bond length and in the orientation be-
tween the pyridyl and phenyl groups and these changes are
reflected in the vibrational Raman frequencies seen at
1176 cm™" for the triplet 2-BPy and 1214 cm™ for the triplet
BP in their transient Raman spectra (see Figure 5). This is
consistent with previous reports about the electron-with-
drawing effect of the heterocyclic nitrogen enhancing the
benzoylpyridine triplet nm* character.®*131516181 1y peutral
aqueous solvent, the triplet BP still exhibits nz* character
and abstraction of hydrogen from water to produce a ketyl
radical is the major reaction pathway.’”) However, the triplet
2-BPy in neutral aqueous solvent undergoes a fast cyclisa-
tion reaction, which suggests the triplet has some nm* char-
acter and hence loses some of its capacity for hydrogen ab-
straction.'! This transformation
of the electronic configuration
for the triplet 2-BPy is likely a
result of hydrogen-bonding
with water molecules.!"!

Triplet BP in the acidic aque-
ous solvent is protonated very
quickly to form the triplet BP-
OH™*, which will be attacked by
water at the ortho or meta posi-
tion to produce hydration inter-

mediates and  photoprod- | s
ucts.?**" The fs-TA and ns-TR? A
experimental measurements ground state
and the DFT results®! imply l’“’
that the triplet 2-BPy-OH™ is | o
also generated in the acidic N
aqueous solvent during the UV | o~
laser-induced photoreaction. F

But this triplet 2-BPy-OH* re- Si

sults from the -corresponding
triplet 2-BPy-NH™* precursor by
ESPT, ISC and pyridyl group
rotation processes and all of
these processes can occur with
the assistance of water mole-
cules.

acidic solvent
i A

Different photocyclisation reactions in neutral/basic and
acidic aqueous solvents: In both neutral/basic and acidic
aqueous solvents, cyclisation reactions take place to produce
cyclisation intermediates and products, but the photocyclisa-
tion reactions in these two different types of aqueous sol-
vents occur by very different mechanisms. In the neutral/
basic aqueous solvent the photocyclisation reaction involves
the carbon atom of the pyridyl group whereas in acidic
aqueous solvent the reaction involves the nitrogen atom in
the pyridyl group with the lone pair involved in the mecha-
nism (see Scheme 5). The results of fs-TA experiments have
revealed that the ISC rate constant for the conversion of S,
into T, for neutral 2-BPy is ~6 ps in neat MeCN and neu-
tral/basic aqueous solvents with the nm* triplet 2-BPy the
precursor of the photocyclisation step in neutral and basic
aqueous solvents. The ns-TR? spectra recorded in neutral
aqueous solvent provide the first vibrational spectral charac-
terisation of the cis biradical 2 and cis singlet zwitterionic
species 3. In the basic aqueous solvent, as the cis singlet
zwitterionic species 3 decays a new species grows, which,
with the help of a comparison with the DFT-predicted
Raman spectrum, was tentatively assigned to the radical
anion 5. However, in the acidic aqueous solvent the ground
state 2-BPy-NH* prevails and after laser photolysis the S,
of 2-BPy-NH" is generated, which evolves into the T, of 2-
BPy-OH*. The photocyclisation step then takes place
through the pyridyl nitrogen atom to produce the triplet tri-
cyclic cation 7. This different behaviour is mainly caused by
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Scheme 5. Summary of the transient species observed after UV laser photolysis of 2-BPy in aqueous solvents.
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the different conformations of the precursors and the effect
of hydrogen-bonding with the solvent. B3LYP/6-311G** cal-
culations on the neutral form of the 2-BPy ground-state sin-
glet predicts that the cis form has an energy 4.4 kcalmol ™
higher than the trans form in the gas phase whereas in the
case of the pyridine nitrogen-protonated 2-BPy cation, the
cis form has an energy 4 kcalmol™' lower than the trans
form. Considering the high hydrogen-bonding ability of
water, the aqueous solvent would stabilise the cis neutral 2-
BPy more than its trans form, hence the cis neutral 2-BPy
could prevail in the neutral/basic aqueous solvent and this
agrees well with the cis product being the major product de-
tected during the photoreaction.') However, in the acidic
aqueous solvent, the ground state cis 2-BPy-NH™* is the pre-
dominant species and will convert very quickly into the trip-
let 2-BPy-OH™ by ESPT and ISC processes after laser pho-
tolysis. Moreover, the trans triplet 2-BPy-OH* is predicted
to be more stable (1.4 kcalmol™') than its corresponding
cis form. The observation of triplet 2-BPy-OH™ is in agree-
ment with the DFT calculations that the cyclisation from
the trans triplet has the lowest-energy barrier among eight
possible photocylisation pathways.*!

The 266 nm laser was used to irradiate 2-BPy in neutral,
basic and acidic aqueous solvents at room temperature to
gain information on the photocyclisation products of 2-BPy
in aqueous solvents. The time course of the 2-BPy spectrum
upon irradiation in aqueous solvents is shown in Figure S8
of the Supporting Information. The behaviour of 2-BPy in
neutral aqueous solvent is very similar to that reported by
Favaro and co-workers!'® and the main product 10 is
formed. In basic aqueous conditions, although 2-BPy (1,,.,,=
260 nm) is consumed, only one band with a maximum at
around 220 nm grows, which is significantly different to the
corresponding experiment in neutral solvent. This result is
consistent with our observations in ns-TR? experiments that
the zwitterion 3 is further alkalinised to generate the radical
anion 5. In the acidic solvent it is also clear that the photo-
products are different to those produced in the neutral/basic
solvents. Irradiation of 2-BPy in an air-saturated aqueous so-
lution with UV light in the absence of a donor causes com-
plicated photochemical reactions. Several products were de-
tected when 313 nm was used to excite the 2-BPy sample in
aqueous solution but only product 10 was mentioned in a
previous study.® In this work we aimed to utilise fs-TA and
ns-TR? experiments to gain an understanding of the mecha-
nism of the fast photocyclisation reaction of 2-benzoylpyri-
dine in aqueous solvent, however, due to a lack of clear
characteristic absorption bands, we cannot determine the
structures of these photoproducts at this time in acidic sol-
vent as has been done in neutral and basic solutions.

Conclusion
A combined fs-TA and ns-TR® spectroscopic investigation

of the photoreactions of 2-BPy in MeCN and neutral, basic
and acidic aqueous solvents has been described and ob-
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served transient species are shown in Scheme 5. The cis bi-
radical 2 and cis singlet zwitterionic species 3 have been
characterised for the first time by time-resolved vibrational
spectroscopy. A new species generated in the basic solvent
after the decay of the zwitterion 3 was observed for the first
time and, in conjunction with results from DFT calculations,
this new species was identified as the radical anion 5, which
provides further evidence for the controversial mechanism
that in a hydrogen-bonding solvent the photocyclisation re-
action should take place at the carbon atom in the pyridyl
group. The fs-TA experiments revealed the nm* triplet 2-
BPy to be the precursor of the photocyclisation reaction in
neutral and basic aqueous solvents whereas in acidic aque-
ous solvent the S, species 2-BPy-NH™* and T, species 2-BPy-
OH' were generated after photolysis of ground state 2-
BPy-NH™. The identification and characterisation of triplet
tricyclic cation 7 provide new insights into the reaction
mechanism of the photocyclisation of 2-BPy in an acidic
aqueous solvent, which has never been studied over such a
broad timescale from femtosecond to microsecond. The fs-
TA and ns-TR? spectral and dynamic data combined with
DFT calculations presented here provide essential informa-
tion for achieving a comprehensive consensus of the molecu-
lar origin of the photocyclisation reaction mechanism for 2-
BPy in aqueous solutions.

Experimental Section

Materials: Samples of BP and 2-BPy were obtained from Aldrich (with
>99% purity), sodium hydroxide from UNI-Chem (with >96 % purity)
and perchloric acid from A.C.S. (HCIO,, approx 70%) were used as re-
ceived to prepare the sample solutions used in the experiments. Spectro-
scopic-grade MeCN and deionised water were used as solvents in the ex-
periments presented in this work. Sample solutions were prepared in
neat MeCN, neutral aqueous (H,O/MeCN, 1:1 by volume), basic aqueous
(H,O/MeCN, 1:1 by volume containing 0.05M NaOH) and acidic aqueous
(H,O:MeCN, 1:1 by volume containing 0.05m HCIO,) solvents respec-
tively.

fs-TA experiments: fs-TA measurements were performed with a femto-
second Ti:Sapphire regenerative amplifier laser system. For the experi-
ments presented here, the sample solution was excited by a 267 nm pump
beam (the third harmonic of the fundamental 800 nm from the regenera-
tive amplifier) and probed by a white-light continuum produced from a
translating CaF, plate pumped by fundamental laser pulses (800 nm).
The pump and probe laser beam spot sizes on the sample were about 120
and 60 um, respectively. The probe beam was focused into a monochro-
mator and detected with a photodiode array. The time delay between the
pump and probe pulse was controlled by an optical delay line and the
time resolution of the measurement was ~200 fs. The TA experiments
were performed by using a wire-guided flowing liquid jet (/100 pum thick
film) with a sample concentration of ~10 mm.

ns-TR® experiments: ns-TR® measurements were carried out with an ex-
perimental apparatus described previously.?**%%! The pump wave-
length of 266 nm was supplied by the fourth harmonic of a Spectra Phys-
ics LAB-170-10 Nd:YAG Q-switched laser and the 319.9 nm probe wave-
length came from the second Stokes line of a hydrogen Raman-shifted
line pumped by the second harmonic (532 nm) from the second Nd:YAG
laser (Spectra Physics GCR-150-10) and the other 354.7 and 309.1 nm
probe wavelengths were produced from the third harmonic and the first
anti-Stokes line of a hydrogen Raman-shifted line pumped by the third
harmonic from the same second Nd:YAG laser. The time delay between
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the pump and probe beams was controlled electronically by a pulse delay
generator and was monitored with a photodiode and a 500 MHz oscillo-
scope. The time resolution of our experiments was ~ 10 ns. The energies
of the pump and the probe pulses were in the 2.5-3.5 mJ range with a
repetition rate of 10 Hz. A near-collinear geometry was employed to
focus the pump and probe beam onto a flowing liquid stream of the
sample and the Raman scattering was collected in a backscattering con-
figuration and detected by a CCD detector cooled with liquid nitrogen.
The Raman signal was acquired by CCD for 30-60 s before being fed
into an interfaced PC computer and approximately 10 to 20 these read-
outs were accumulated to produce a resonance Raman spectrum. The
spectra presented in this work were produced by subtraction of an appro-
priately scaled probe-before-pump spectrum from the corresponding
pump-probe spectrum. MeCN Raman bands were used to calibrate the
TR? spectra with an estimated accuracy of +5 cm ™! in absolute frequency
and a Lorentzian function was used to integrate the relevant Raman
bands in the TR spectra so as to determine their areas and to extract the
decay and growth kinetics of the species observed in the experiments.

DFT calculations: The optimised geometries, vibrational modes and fre-
quencies for the ground and triplet states of the different species formed
in the photoreaction schemes were obtained from (U)B3LYP density
functional theory (DFT) calculations employing a 6-311G** basis set. No
imaginary frequency modes were observed at any of the optimised struc-
tures shown. All of the calculations were performed by using the Gaussi-
an 03 program suite.!*!
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