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’ INTRODUCTION

The development of solid state photoresponsive devices
requires advances in the fundamental knowledge of solid state
photophysics1 and photochemistry.2 In particular, a deeper under-
standing of photophysical processes involving triplet states3 has
had a recent resurgence due to their importance in organic light-
emitting diodes4 and solar cells.5 To study these processes, time-
resolved transmission spectroscopy methods provide the most
convenient and useful tool to analyze the generation, delocaliza-
tion, and ultimate fate of the excited states. However, while
studies in solution and in amorphous thin films are relatively
simple, transient absorption measurements in crystalline solids
are fraught with challenges that arise from their high optical densities,
dichroism, birefringence, and light scattering.6 Although some of
these problems can be addressed with the use of diffuse-
reflectance methods using dry powders, the need for high laser
power combined with the efficient energy transfer7 and delocaliza-
tion of the excited state8 often results in multiphotonic processes
that could mask the intrinsic behavior of single excitations.9

We have recently shown that the use of nanocrystals with sizes
smaller than the wavelength of light (ca. 200 nm) suspended in
water minimizes many of the challenges associated with transient
absorption methods. Crystalline molecular nanocrystals can be
reproducibly obtained in water by the reprecipitation method
pioneered by Kasai et al.10 The method produces free-flowing,
homogeneously dispersed organic nanoparticle suspensions with
optical densities that can be tuned within a reasonable range by
changing the nanocrystal loading. As crystal sizes decrease
beyond the wavelength of individual photons and approach the
limit of discrete supramolecular assembly samples, they can be
excited in a nearly homogeneous manner, avoiding problems of
penetration depth and diminishing their optical anisotropies.
These characteristics permit nanocrystalline suspensions to be
studied using transmission techniques analogous to those used in
solution phase spectroscopy. It has been previously shown that
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ABSTRACT:We report an efficient triplet state self-quench-
ing mechanism in crystals of eight benzophenones, which
included the parent structure (1), six 4,40-disubstituted
compounds with NH2 (2), NMe2 (3), OH (4), OMe (5),
COOH (6), and COOMe (7), and benzophenone-3,30,4,40-
tetracarboxylic dianhydride (8). Self-quenching effects were
determined by measuring their triplet�triplet lifetimes and
spectra using femtosecond and nanosecond transient absorp-
tion measurements with nanocrystalline suspensions. When
possible, triplet lifetimes were confirmed by measuring the phosphorescence lifetimes and with the help of diffusion-limited
quenching with iodide ions. We were surprised to discover that the triplet lifetimes of substituted benzophenones in crystals
vary over 9 orders of magnitude from ca. 62 ps to 1 ms. In contrast to nanocrystalline suspensions, the lifetimes in solution only
vary over 3 orders of magnitude (1�1000 μs). Analysis of the rate constants of quenching show that the more electron-rich
benzophenones are the most efficiently deactivated such that there is an excellent correlation, F = �2.85, between the triplet
quenching rate constants and the Hammet σ+ values for the 4,40 substituents. Several crystal structures indicate the existence of
near-neighbor arrangements that deviate from the proposed ideal for “n-type” quenching, suggesting that charge transfer
quenching is mediated by a relatively loose arrangement.
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transmission UV�vis measurements of molecular nanocrystals
suspended in water provides a simple means to assess particle
sizes in terms of simple spectral shifts,11 and we recently demon-
strated that the use of organic nanocrystals of ca. 100�300 nm in
size provides a simple method for measuring relative quantum
yields and for quantitative analysis by transmission spectroscopy
methods.7,12

We reported that the triplet lifetime of benzophenone deter-
mined by nanosecond transient absorption in a nanocrystalline
suspension is characterized by a single exponential decay of 2 μs.13

We noted that this lifetime is similar to that determined in solu-
tion14 but very different from that obtained in dilute glasses at
77K (8ms)15 or in bulk solids. The latter is best described as a com-
plex multiexponential with components that range from tens of
nanoseconds to milliseconds.16 At the time of publication, the
reason for the fast decay kinetics of nanocrystalline benzophe-
none was unknown. Subsequent experiments ruled out several
possible causes, including multiphotonic interactions, dissolved
oxygen, surfactants used to passivate the nanocrystal surfaces,
and even the role of water with measurements carried out in
deuterium oxide.17 We found that anionic triplet quenchers such
as iodide (I�) deactivate the excited state at diffusion-limited
rates, supporting a view of the nanocrystals as large supramo-
lecular assemblies. Having ruled out the most obvious exter-
nal quenching sources, we considered the possibility of self-
quenching. Wolf et al.18 and Schuster et al.19 had shown in the
early 1970s that the self-quenching of benzophenone triplets is
quite efficient in solution, and two mechanisms were considered.
Thefirstmechanism, knownas “n-type”quenching, involves electron
donation from the ground state benzophenone aromatic ring into
the electron-deficient oxygen lone pair orbital of the carbonyl
group. The second mechanism, known as “π-type” quenching,
involves donation of an electron from the half-filledπ* orbital of an
excited benzophenone into the empty π* orbital of the aromatic
ring of a ground state molecule. Guttenplan and Favaro provided
evidence supporting an n-type mechanism using electron-donating
aromatics.20�22 Schuster showed a correlation between the ioniza-
tion potentials of electron-withdrawing substituted aromatic rings
and quenching rate constants,19 which is consistent with a mechan-
ism of the π-type. Subsequently Wolf et al.18 found a discontinuity
at σ+ = 0 with positive and negative slopes in the Hammet plot,
indicating that both mechanisms can operate in solution.

Based on the above and given the close proximity between
benzophenone molecules in their crystal, it seemed reasonable
that intermolecular self-quenching could be responsible for the
reduced triplet lifetime. To test this hypothesis, we chose a series
of eight disubstituted benzophenones, 1�8, that have varying
electron-donating and -withdrawing substituents to systemati-
cally probe their effects on triplet lifetimes by transient absorp-
tion spectroscopy. The results indicate that triplet lifetimes range
over 9 orders of magnitude from 10�12 to 10�3 s. There is a
strong correlation between the excited state lifetimes, presum-
ably reduced by self-quenching, and the electron-donating ability
of the substituted benzophenones. A Hammet plot shows a good
correlation between the σ+ values of the substituents and the
triplet lifetime of the respective benzophenones. From the slope,
F = �2.85, we conclude that the triplet lifetimes of the sub-
stituted benzophenones in nanocrystalline suspensions are de-
termined by the rate constant of self-quenching via a charge
transfer mechanism that is consistent with the one expected by
formation of an “n-type” exciplex.

’RESULTS AND DISCUSSION

Synthesis and Purification of Benzophenone Derivatives.
Compounds 1�6 and 8 are commercially available. Diester 7was
obtained by acid-catalyzed esterification of 6 with methanol.

Table 1. Selected Photophysical Parameters of Benzophenones 1�8 in Acetonitrile Solutions, in Bulk Powder, and in
Nanocrystalline Suspensions and the Average Particle Size in the Latter

acetonitrile

(ACN) bulk nanocrystalline

subst.

λmax
(S0fSn) nm

λmax
(T1fTn) nm

τAbs
(T1fTn) μs

λmax

(S0fSn) nm

λmax

(S0fSn) nm

λmax

(T1fTn) nm

τAbs
(T1fTn) μs

τEm
(T1fS0) μs avg size, nm

1 H 328 (n,π*) 520 14 324 (n,π*) 325 (n,π*) 510 2.0 1.8 276

2 NH2 330 (π,π*) 560 10 348 (π,π*) 345 (π,π*) 595 6.2 � 10�5 d 229

3 NMe2 354 (π,π*) 510a 11.4a 362 (π,π*) 361 (π,π*) 660 1.8 � 10�4 d 328

4 OH 344 (π,π*) 560 14 382 (π,π*) 356 (π,π*) 600 4.2 � 10�4 d 281

5 OMe 339 (π,π*) 545 3c 353 (π,π*) 353 (π,π*) 750 6.8 � 10�2 0.068 236

6 COOH 314 (n,π*) 540 20b 364 (n,π*) 364 (n,π*) 590 72 69 350

7 COOMe 312 (n,π*) 545 170 293 (n,π*) 296 (n,π*) 595 97 84 236

8 CO)2O 300 (n,π*) 580 978 297 (n,π*) 296 (n,π*) 580 103 980 201
aReference 24a. bAcquired in DMSO. cReference 24b. d Emission not detected.

Figure 1. SEM images of 4,40-diaminobenzophenone, 2, showing
faceted particles, most of them in the size range of ca. 150�300 nm.
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All compounds were purified immediately prior to use by Si-gel
column chromatography using a mixture of hexane/ethyl ether
(2:1 v/v) as the eluent, followed by recrystallization from hot
ethanol.
Preparation and Characterization of Nanocrystalline Sus-

pensions. The nanocrystalline suspensions were synthesized via
the reprecipitation method10 as described in the Experimental
Section, which produces stable suspensions that can be easily
transported in fluids such as water. The molecular nanoparticles
were analyzed by dynamic light scattering (DLS) to determine
their average size (Table 1) and distribution (Supporting In-
formation, pp S4�S7). Although the average size of the nano-
crystals varied between different compounds, the average particle
size for a given compound was consistent between independent
preparations.23

To confirm the average particle size determined by DLS, we
also obtained scanning electronmicroscopy images (SEM) of the
nanoparticles deposited on a Si wafer. Figure 1 illustrates a SEM
image of 4,40-diaminobenzophenone, 2, nanocrystals showing
discrete aggregates of a few faceted nanoparticles with sizes
between 150 and 300 nm, consistent with values obtained in the
DLS measurements. The SEM images for all other compounds
agreed relatively well with the results obtained from the DLS
measurements (Supporting Information, pp S4�S7). Using
powder X-ray diffraction (PXRD) analysis of the bulk solids
and filtered nanocrystalline samples, we were able to confirm that
nanocrystals have the same crystal morphology (same poly-
morph) as the bulk samples. As illustrated in Figure 2 for 4,40-
diaminobenzophenone, 2, the PXRD pattern of the nanocrystals
matches very well with the bulk PXRD, with differences in their
relative intensities suggesting the possibility of preferential
orientations. Further confirmation that the bulk and nanocrystal-
line material are the same polymorph is that both melting points,
as determined by differential scanning calorimetry, were identical
(Supporting Information, pp S2, S3).
Ultraviolet (UV) Spectroscopy. Transmission UV spectros-

copy is a fast, reliable method to differentiate between solution
and nanocrystalline phases if the compound has significantly
different absorption profiles in the respective states. The trans-
mittance UV�vis spectra of the nanocrystals were generally
similar to the UV�vis obtained by diffuse reflectance in bulk
powders and consistent with those measured in solution
(Supporting Information, pp S8, S9). In general, the ground
state absorption for the nanocrystalline suspension showed a red

shift from the corresponding UV spectrum in solution while the
diffuse reflectance spectrum of the pure powders generally
appeared broader. As an example, the UV�vis spectrum of
4,40-diaminobenzophenone, 2, shows a red shift of ca. 15 nm
in bulk solid and nanocrystals compared with that in ACN
(Figure 3). As shown in the figure, small differences were
observed in the vibrational structure in the bulk and in nano-
crystals. The lower energy (π,π*)-rich transition in the hydroxy
(4), methoxy (5), and amino substituted (2 and 3) samples is
significantly stronger than in the (n,π*)-rich transition of the
parent compound (1) and the three structures with electron-
withdrawing substituents (6, 7, and 8).
Nanosecond Laser Flash Photolysis in Solution. Transient

absorption spectra were acquired for ketones 1�8 in ACN with
OD ≈ 0.3 using λex = 355 nm (<10 ns pulse width) from a Nd:
YAG laser at concentrations that were low enough to avoid the
self-quenching observed in solution.18,19 All benzophenones
produced a single transient with minimal vibrational resolution
(S12�S18) with a λmax between 460 and 560 nm that decayed
monoexponentially with lifetimes that varied between 3 and
980μs (Table 1). The results listed inTable 1 are in good agreement
with known literature reports of disubstituted benzophenone
lifetimes.24 Although the transient absorption spectrum for the
diester 7 has not been reported previously, a phosphorescence
lifetime of 52.1 μs in acetonitrile was reported byWang et al.25 In
our study, a relatively noisy triplet�triplet transient absorption
with a λmax at 545 nm in the same solvent revealed a lifetime of
140 ( 40 μs, which is consistent with our measured phosphor-
escence lifetime of 92 μs. Both the triplet�triplet absorption and
the triplet emission in solution were very sensitive to oxygen,
suggesting a possible reason for the differences between our
lifetime measurements and the one reported previously.
A comparison of the values obtained with di-(N,N-dimethy-

lamino)-benzophenone, 3 (Michler0s ketone), and 4,40-dimeth-
oxybenzophenone, 4, with the values reported for the analogous
monosubstituted compounds indicates that the spectral features
and lifetimes of the triplet state are not affected substantially by
the second substituent.24a,25 Based on this observation, we were
able to support our assignments of the triplet absorption spectra
and kinetics from 4,40-diaminobenzophenone, 2, and 4,40-dihy-
droxybenzophenone, 4. While triplet 4-aminobenzophenone has
a lifetime of 11 μs and a λmax at 560 nm in acetonitrile,26 triplet
4,40-diaminobenzophenone, 2, has a lifetime of 10 μs and a λmax

Figure 2. X-ray diffraction pattern of 4,40-diaminobenzophenone, 2, as
the bulk powder and nanocrystalline suspension.

Figure 3. Transmittance UV�vis of 4, 40-diaminobenzophenone, 2.
Only slight shifts in the λmax of absorption are seen: λACN = 330 nm,
λSusp = 345 nm, λDRUV = 348 nm.
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at 560 nm in the same solvent. Similarly, while triplet 4-hydro-
xybenzophenone has a lifetime of 8 μs and a λmax at 570 nm in
acetonitrile,27 we found that 4,40-dihydroxybenzophenone, 4, has
a lifetime of 14 μs and a λmax at 560 nm.
The nanosecond flash photolysis of diacid 6 and anhydride 8

have not been previously described. Pulsed excitation of diacid 6
in argon-saturated DMSO28 revealed one band with a λmax at
540 nm that spans from ca. 360 to 680 nm (Figure 4a) and
uniformly decays with a monoexponential lifetime of 20 μs. As
expected for a transient absorption corresponding to a triplet
excited state, the band disappears when the solution is saturated
with oxygen. We assign this band to the T1 state of diacid 6.
Similarly, excitation of anhydride 8 in acetonitrile produces a
band spanning from ca. 480 to 670 nm with a λmax = 580 nm
(Figure 5a) that is narrower than that of diacid 6. The entire band
decays monoexponentially with a lifetime of 978 μs (Table 1) and
the corresponding carrier is also sensitive to molecular oxygen, in
support of an assignment to the T1 state of anhydride 8.
Nanosecond Laser Flash Photolysis of Nanocrystalline

Suspensions. Aqueous nanocrystalline suspensions with low
particle loading prepared via the reprecipitation method display
limited light scattering in the wavelength range of 350�800 nm
and are suitable for transmission spectroscopy. The apparent
absorbance used for these studies at λex = 355 nm was 0.3.
The spectra were acquired for both oxygenated (air and O2) and
deoxygenated (Ar) suspensions. As with solution samples, benzo-
phenones 1 and 5�8 produced transients observed in the nano-
crystalline suspension between 350 and 750 nm, which decayed
monoexponentially with lifetimes that range between ca. 68 ns and
1 ms, as listed in Table 1. Nanocrystalline suspensions of 2�4 did
not produce any transient signals with lifetimes >10 ns.
As a representative example, the transient absorption spectra of a

nanocrystalline suspension of diacid 6 showed a relatively narrow
absorption band between 475 and 650 nm with a λmax at 590 nm
(Figure 4b). This band decays uniformly with a lifetime of 80 μs
and is insensitive to oxygen, as previously reported for nanocrystal-
line benzophenone.17 This transient is slightly red-shifted and
narrowed when compared with the spectrum observed in DMSO.
In contrast, the transient spectrum obtained from an aqueous
suspension of anhydride 8 is somewhat broadened and red-shifted
compared with that obtained in acetonitrile (Figure 5b). The solid
state spectrum has a λmax at 580 and a shoulder at 650 nm. This
band decays uniformly with a lifetime of 1 ms and was also
unaffected by the presence of oxygen. Nanocrystalline suspen-
sions of benzophenone 1, the dimethoxy derivative 5, and diester 7

produced analogous transient absorption spectra as 6 and 8
(Supporting Information, pp S12�S18). The transients in 1, 5,
and 7 also decayed homogeneously and monoexponentially
(Table 1). None of the transients were quenched by oxygen. In
most cases, the observed solid state transients had a λmax shifted by
30�40 nm relative to solution. We suspect that differences in the
transient absorption spectra in solution and in nanocrystals may
reflect variations in the electronic configuration of the triplet excited
state, which is known to vary from pure n,π* and pure π,π* to
mixed states and to be very sensitive to the nature of the environ-
ment. In fact, it is well documented that the T1�Tn spectra of
triplet ketones display shifts as large as 150 nm in different solvents.
Restricted excited state relaxation in the rigid environment of the
solid state may also contribute to differences between the spectra
observed in solution and in nanocrystals. For compounds 2�4,
there were no observable transients within the time resolution
(ca. 10 ns) of the nanosecond setup.However, the addition ofACN
dissolved the nanocrystals and restored the transient signals that
were analogous to those observed in the pure organic solvent.
Interfacial Quenching. While interfacial nanocrystal�solu-

tion quenching of the triplet excited states bymolecular oxygen is
inefficient due to both the low concentration of oxygen in water
and the low affinity of oxygen for the organic crystalline surface,
we recently showed that anionic quenchers known to act by an
electron transfermechanism29 can be quite effective at the nanocrystal�
water interface.17 The triplet excited state of benzophenone is
quenched by iodide with a rate constant coefficient that is
analogous to that measured in solution, kq(I

�) = 7.4 �
109 M�1 s�1. Given that the transients formed upon excitation
of 1 and 5�8 were unaffected by oxygen, we decided to investigate
the effect of added I� to gain additional support of our excited
state assignments. In fact, addition of aqueous NaI to nanocrys-
talline suspensions of 5�8 lead to complete quenching of the
transient, supporting their assignments as excited states.
Stern�Volmer experiments revealed that the effect of quencher
concentration on the lifetimes of benzophenones 6�8 is linear,
as expected for a purely dynamic quenching mechanism
(Figure 6 and Supporting Information, pp S19, S20). The rate
constants of quenching obtained from the slope of the
Stern�Vomer plots are kq(I

�) = 2.4 � 108 M�1 s�1 for diacid
6, kq(I

�) = 1.4 � 105 M�1 s�1 for diester 7, and kq(I
�) = 1.1 �

106 M�1 s�1 for anhydride 8. As expected from its short lifetime
of only 68 ns, quenching of the dimethoxy 5 by I� was difficult to
quantify but easily observed in a qualitative manner.

Figure 4. Nanosecond transient absorption spectrum (10 ns pulse, λex = 355 nm) of diacid 6 (a) in DMSO and (b) as a nanocrystalline suspension.
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Phosphorescence Lifetimes. To confirm that the transients
observed from the nanocrystalline suspensions correspond to the
benzophenone T1 states, their phosphorescence spectra and
lifetimes were investigated at ambient temperature. As expected,
no emission was observed from nanocrystalline samples of ketones

2�4, which have very short lifetimes. However, reasonable
signals were obtained for 1 and 5�8. As an example, Figure 7
shows the phosphorescence spectrum from a nanocrystalline
suspension of diacid 6with a phosphorescence lifetime τEm = 69 μs,
which is consistent with the lifetime of the transient absorp-
tion detected by flash photolysis with a value of τAbs = 72 μs. This
excellent match strongly supports the assignment of the latter
absorption signal as arising from the triplet excited state (T1�Tn)
rather than a ground state intermediate. Similar results were
obtained for benzophenone (1), 4,40-dimethoxybenzophenone
(5), dimethyl ester (7), and dianhydride (8), which were found
to have emission lifetimes of 1.8, 0.068, 84, and 980 μs, respectively
(Supporting Information, pp S20, S21).
Femtosecond Transient Absorption. Given that the nano-

crystalline suspensions of 4,40-diaminobenzophenone (2), 4,40-
bis(dimethylamino)benzophenone (3), and 4,40-dihydroxyben-
zophenone (4) did not show any observable transients after the
10 ns excitation pulse, we explored their transient absorption on a
faster time scale. Because the results obtained with the amino-
substituted compounds 2 and 3 in solution are relatively complex,
we start by first describing our observations with 4,40-dihydroxyben-
zophenone (4), which are relatively simpler and easier to interpret.
Excitation of 4,40-dihydroxybenzophenone (4) as a nanocrys-

talline suspension using a 150 fs pulse at λex = 258 nm resulted
in a very broad transient that spans from ca. 440 to 730 nm,
with λmax at 460, 485, 535, 595, and 710 nm (Supporting Infor-
mation, Figure S47). The decay of this transient could be fit to
two overlapping components with lifetimes of 15 and 422 ps
(R2 > 0.98). The fast component primarily decreased the intensity
of the absorption features at the two ends of the spectrum and the
remaining longer-lived transient decayed uniformly with the
422 ps lifetime. The spectrum of 4,40-dihydroxybenzophenone (4)
in acetonitrile was also very broad, with a maximum near 550 nm
and two shoulders at 480 and 600 nm (Supporting Information,
Figure S46). Although relatively featureless, these results are in
reasonable agreement with those reported by Bhasikuttan et al.,
who described the transient absorption of monosubstituted
4-hydroxybenzophenone using 35 ps pulses and assigned it to the
triplet excited state.27 It was shown that the spectra obtained in
nonpolar aprotic benzene are relatively narrow, from ca. 460�
600 nm, while those obtained in hydrogen bonding solvents such
as methanol were broad and featureless, stretching from ca.
540 nm to more than 800 nm. Inspection of the single crystal

Figure 5. Nanosecond transient absorption spectrum (10 ns pulse, λex = 355 nm) of anhydride 8 (a) in acetonitrile and (b) as a nanocrystalline
suspension.

Figure 6. Stern�Volmer plot for the quenching of diacid 6 with NaI as
a nanocrystalline suspension. The rate constant of quenching in this case
is kq(I

�) = 1.4� 105 M�1 s�1. The values of k0 and kObs correspond to
the rate constants in the absence of quencher and in the presence of
added quencher, respectively.

Figure 7. Phosphorescence spectrum of diacid 6 as a nanocrystalline
suspension. Insert: Phosphorescence decay fitted to a lifetime of τEm =
69 μs, similar to that determined by flash photolysis (τAbs = 72 μs).
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X-ray structure of 4,40-dihydroxybenzophenone (4) shows that
the benzophenone carbonyls are hydrogen bonded to the phenol
hydrogen of an adjacent molecule in the lattice, which may help
explain the much broader nature of the nanocrystal spectrum.30

The shape and general location of triplet 4-hydroxybenzophe-
none match well with the spectra observed at long delays (>100 ps)
for the nanocrystalline suspension of 4,40-dihydroxybenzophe-
none, 4. We propose that the initial transient corresponds to the
singlet excited state, which undergoes intersystem crossing with a
rate constant of kISC = 6.5� 1010 s�1 to give the triplet state that
has a lifetime of 422 ps. These assignments are in agreement with
the intersystem crossing rate greater than 1.25� 1011 s�1 estimated
for 4-hydroxybenzophenone by Ohtani et al.31 Furthermore, the
transient observed at long delay times (>100 ps) is qualitatively
similar to the triplet observed in the nanosecond experiments in
solution (Supporting Information, Figure S46).
Since it has been previously shown that the excited state

dynamics of amino-substituted benzophenones are strongly
solvent dependent,32�34 it was not surprising that femtosecond
excitation of 4,40-bis(dimethylamino)benzophenone (3) pro-
duced different transients in acetonitrile and as a nanocrystal
suspension. Excitation with 150 fs pulses at λex = 258 nm in polar
acetonitrile produced results in agreement with those reported
by Mondel et al.,32 which include up to four excited states within
a spectral window from 450 to 1000 nm. It had been suggested
that initial excitation leads into a local S1 excited state (LE)
characterized by a λmax = 650 nm and a lifetime τ1 = 0.45 ps. In
polar solvents, the LE state transforms into a new transient
assigned as a singlet intramolecular charge transfer species, ICT,
with a λmax = 950 nm and a lifetime τICT = 1.6 ps. It was proposed
that the ICT undergoes a conformational change to form a
twisted charge transfer species, TICT, with a λmax = 700 nm and a
lifetime τTICT = 600 ps (Supporting Information, Figure S43).
Notably, Singh et al. had previously shown that excitation of 3 in
nonpolar cyclohexane and benzene did not produce the charge
transfer species.33 Excitation at 310 nm using 500 fs pulses in
cyclohexane led to the formation of the singlet state with a
maximum at ca. 490 nm. Intersystem crossing in the nonpolar
solvent occurs within 6.7 ps to form the triplet state with a λmax at
510 nm. It was also suggested that high concentration of 3 lead to
formation of aggregates, which were detected by a large red shift
with a λmax ≈ 700 nm.
As expected for a medium with low polarity, excitation of

nanocrystalline 4,40-bis(dimethylamino)benzophenone (3) did
not produce transients similar to the charge transfer states
observed in acetonitrile. In agreement with the results from the
suggested aggregates in concentrated benzene, excitation of
nanocrystalline 3 gave rise to a broad transient that spans our
entire observation window from 425 to 750 nm (Supporting
Information, Figure S44). The absorption on the blue edge of
this transient decays monoexponentially within 25 ps and a band
centered at ca. 690 nm remains with a vibrational structure that
has maxima at ca. 550, 610, and 680 nm. The latter transient
decays monoexponentially with a lifetime of 180 ps, and no other
transients were observed for up to 3 ns. The shape and location of
the transient centered at 660 nm for 4,40-bis(dimethylamino)-
benzophenone (3) is very different from those obtained from the
charge transfer states formed in polar solvents. However, there is
a reasonably good agreement between the nanocrystal spectra
and the spectra acquired upon excitation of the aggregates in
benzene reported by Singh, which were also assigned to the
triplet state.

Finally, the excitation of 4,40-diaminobenzophenone (2) in
acetonitrile produced a similar charge-transfer species as the one
detected from 4,40-bis(dimethylamino)benzophenone (3),
which will not be discussed in detail at this time. As shown in
Figure 8, a transient spanning from 470 to 620 nm with λmax =
585 nm forms upon excitation of a nanocrystalline suspension of
2. Within 5 ps, there is a shift in the λmax from 585 to 595 nm. The
new band decays monoexponentially with a lifetime of 62 ps
(R2 > 0.99), and no other transients were observed up to 3 ns. As in
the case of ketone 3, none of the bands tentatively assigned to the
charge transfer states in solution were observed in the nano-
crystals at any time delay. Because the decay of the band at
585 nm occurs on time scales similar to that for ISC of benzo-
phenones (5�10 ps) and given the similarity between the band
centered at 595 nm and the triplet state observed on the nano-
second time scales in solution, we tentatively assign the two
bands as arising from the singlet and triplet excited states,
respectively.
Although the excitation of the amino-substituted benzophe-

nones 2 and 3 leads to the formation of ICT and TICT structures
in solution, there appears to be no formation of such transients
upon excitation of the nanocrystals. Computational modeling of
4,40-bis(dimethylamino)benzophenone (3) by Pal et al.34 pre-
dicts that as the medium becomes less polar the excited state
energy order is inverted. In acetonitrile, the local excitation (LE)
is 85.8 kcal/mol above the ground state and the final twisted
intramolecular charge transfer state (TICT) is 80.5 kcal/mol
above the ground state. We postulate that the lack of observed
charge transfer excited states in nanocrystals is due to the low
dielectric constant and high rigidity of the crystal lattice, which
inhibits the rotation to themost stable conformation of the TICT
state. Although the TICT state may form in the crystal lattice, it
would immediately convert back into the LE state. Furthermore,
given the similarity of the spectrum in suspension to the T1

observed in solution and the dissimilarity to the charge transfer
states assigned by Mondal et al., we assign the long-lived
transients to the T1 state of benzophenones 2 and 3. These
assignments suggest that benzophenones 2 and 3 undergo
intersystem crossing to the T1 with rates of 2 � 1011 s�1 and
4� 1010 s�1, respectively, and that they decay with time constants
of 62 and 180 ps, respectively.

Figure 8. Femtosecond transient absorption spectroscopy of diamino-
benzophenone (2; 150 fs pulse, λmax = 258 nm) as a nanocrystalline
suspension. ISC occurs within 5 ps to give the triplet, λmax = 595 nm,
which decays within 62 ps.
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Lifetime and Quenching of the Triplet States. The most
striking difference between the solution and nanocrystalline
suspension T1 f Tn transient absorption spectra comes from
their lifetimes. While T1 lifetimes of the benzophenones with
electron-rich substituents are significantly shorter in the nano-
crystalline suspensions than in solution, the lifetimes of diacid 6,
diester 7, and dianhydride 8 with electron-withdrawing substit-
uents are either very similar or slightly longer (Table 1).
Having previously excluded the most obvious surface quench-

ing mechanisms andmultiphotonic interactions in the case of the
parent ketone,17 we turned our attention to self-quenching as a
possible explanation for the reduced benzophenone lifetime.
Self-quenching is defined as the quenching of an excited state
molecule by interaction with another identical molecule that is in
the ground state.35 Self-quenching in benzophenone has been well-
documented in solution with rates as high as 2.8 � 108 s�1.29 It
should be noted that, in agreement with previous studies and in
analogy with intramolecular quenching by β-aryl groups, we do
not observe a formal charge-transfer species in our transient
absorptionmeasurements with nanocrystalline suspensions. This
is consistent with the previously postulated “exciplex” mechan-
isms, leading to the ground state reactants without reaching a
stable charge transfer state. The first of the two mechanisms,
known as n-type quenching, involves electron donation from the
ground state benzophenone aromatic ring into the electron-
deficient oxygen lone pair orbital of the triplet n,π* excited state.
The second one, known asπ-type quenching, involves the formal
donation of an electron from the half-filled π* orbital of the
excited aromatic ketone into the empty π* orbital of a neighbor-
ing ground state molecule.
The trend observed with compounds 1�8 clearly suggests a

mechanism where electron donation occurs from the electron-
rich aromatic rings to the electron-deficient carbonyl n-orbital. If
we assume that all of the carbonyls have approximately the same
electron affinity in the triplet excited state,36 quenching will be
primarily determined by the ground state electronics of the
substituted benzophenones. As expected for an n-type mecha-
nism, the relative rates of triplet decay in the nanocrystalline
suspension plotted against the σ+ Hammett values37 of the corre-
sponding substituents displayed an excellent correlation with
R2 = 0.946 and a slope of F =�2.85 (Figure 9). This is consistent
with electron donation from the aromatic ring with development
of a positive charge on the ground state donor. It is notable that

the variation of decay rates spans 8 orders of magnitude, high-
lighting the significance of this effect, which could have important
implications in the design of materials where triplet emission is
desired, such as light-emitting diodes.
If one assumes that the observed decay rate (kdec) in the

nanocrystals is the sum of the intrinsic decay for an isolated
molecule in dilute solution (ki) plus the rate constant of self-
quenching (kSQ), one can estimate the latter in the solid state
from the difference, kSQ = kdec � ki. It should be noted that the
approximate concentration of benzophenone in benzophenone
crystals is on the order of 3�4 M, such that a qualitative com-
parison between the bimolecular rate constant of self-quenching
in solution (M�1 s�1) and the pseudounimolecular rate constant
in the solid state (s�1) may not be unreasonable (Table 2). As
shown in Table 2, the reported self-quenching rate constants of
benzophenone (1) and 4,40-dimethoxybenzophenone (5) in
benzene match very well with the values obtained in the solid
state. However, the solution and solid state self-quenching rate
constants in the case of 4,40-bis(dimethylamino)benzophenone
(3) differ by 2 orders of magnitude, with the solid state “catalyz-
ing” this process. Another relatively large discrepancy can be seen
when comparing the results for 4,40-dimethylbenzophenone
dicarboxylic acid, 6. While self-quenching in solution is reported
to occur very efficiently with a rate constant of 2.3 �
107M�1 s�1, deactivation in the solid state is 4 orders of magnitude
less efficient with a value of 4.4� 103 s�1. In contrast to the linear
Hammet plot shown in Figure 9, the results obtained in benzene
solution by Wolf et al.18 display two correlations with opposite
slopes, with the lowest rate constant observed in the case of
benzophenone. Noting that both electron- donating and elec-
tron-withdrawing substituents accelerate the rate constant of self-
quenching of the substituted benzophenones, Wolf et al. sug-
gested that self-quenching in solution occurs by two different
pathways.
A plausible explanation for the different self-quenching beha-

vior reported in solution and observed in the solid state may be
based on the structural requirements for the self-quenching.Wolf
et al.18 proposed that the n-type and π-type mechanisms require
different geometric arrangements between the aromatic ring and
the carbonyl oxygen that are based on the requisite charge-
transfer interactions. To define these geometries, we suggest a
spherical coordinate system with the oxygen atom of the excited
benzophenone as the origin, the plane of the carbonyl as a reference
plane, and the CdO bond vector as the reference direction within
the plane (Figure 10).
The quenching geometry under the coordinate system shown

in Figure 10 can be defined in terms of a vector from the carbonyl
oxygen to the interacting molecular orbital(s) in the aromatic
ring. While the detailed geometry of this interaction is not
known, for the sake of simplicity we will consider the aromatic
ring centroid. One may expect that the plane of the interacting
aromatic ringmight be orthogonal to the connecting vector,R, so
that the face of the ring is directly exposed to the excited
carbonyl. For an n-type quenching, it is expected that the
aromatic ring should be at a position given by an azimuth
Θ = 60� toΘ = 90� in order to interact with the singly occupied
n-orbital in the plane, an altitude Φ = 0� so that the centroid of
the aromatic ring is bisected by the plane, and the shortest
distanceR given by van derWaals contact between the donor and
the acceptor. By comparison, the optimal quenching geometry
for π-type quenching might be expected when one of the
aromatic rings approaches the carbonyl parallel to the plane of

Figure 9. Hammett plot of the rate of quenching against the σ+ Hammett
constant, F =�2.85. In support of an n-type self-quenching mechanism in
nanocrystalline suspensions of 4,40-disubstituted benzophenones, the more
electron-donating substituents quench the reaction faster.
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the CdO bond to facilitate π-donor to π*-acceptor interactions.
The altitude should beΦ = 90� for the aromatic ring acceptor to
be exactly above the carbonyl. Given this simple analysis, it was of
interest to see whether such a geometric relationship holds in the
crystalline solid state upon analysis of the corresponding single
crystal X-ray structures.38

For each of the available X-ray structures with reported crystal-
lographic information (cif) files, which includes benzophenones
1 (H), 2 (NH2), 4 (OH), 5 (OMe), and 6 (COOH), we analyzed
the position of the centroid of the aryl rings from all nearest
neighbors of a given substituted benzophenone molecule in the
crystal. These were found to be between 4 and 5 Å with azimuth
angles betweenΘ= 90� and 120� and altitudes that ranged between
Φ = 55� and 80�. Figure 11 shows a three-dimensional plot of the
polar coordinates with the distance (R) and the azimuth angle
(Θ) indicated in the plane and the value of the altitude (Φ) given
by a color code. For all of the benzophenones, the nearest
neighbor is in approximately the same region of space relative to
the carbonyl oxygen. In every case, the closest aromatic groups
have a position in space that is different from the values suggested
by Wolf et al.18 for either π quenching or n-type quenching. We
found no obvious correlation between quenching rate constants
and near neighbor structures.
Phenomenologically, the n-type self-quenching of benzophe-

none is similar to intramolecular β-aryl quenching of β-aryl
acetophenones, which has been studied extensively in solution.39

It has been suggested that β-aryl quenching occurs via a charge

transfer mechanism where the β-aryl group formally donates an
electron to the electron-deficient carbonyl during the quenching
event. Analysis of the location of the quenching aryl ring with
respect to the carbonyl oxygen in compounds that undergo
β-aryl quenching in the solid state also appear in the same region
of space as the ring of the nearest benzophenone neighbor
(Figure 11, Θ=105�, R = 4.5 Å�). For β-aryl quenching, it is
proposed that the n-orbital of the carbonyl oxygen must point at
the aryl moiety in a face-on relationship. In solution, the rate-
determining step for β-aryl quenching is the attainment of this
critical geometry.19 From an examination of the known β-aryl
quenchers in crystalline solids,40 it appears that the geometry
required for quenching in the solid state is relatively loose. Of the
previously reported β-aryl quenchers, the aromatic groups
deviate from a face-on relationship by 30�65� from the normal.
Although not conforming to the assumed optimum geometry,
their excited states are effectively quenched. Analyzing the crystal
structures of the benzophenones in this study for deviations of
the plane of the aromatic group from the normal to the vector
drawn to the oxygen of the carbonyl, we found that all the aryl
groups deviate from the face-on relationship by 24�44�. As
before, no correlation was found between the rate constant of
quenching and the amount of deviation from the normal. It
should be pointed that recent calculations by Bucher et al.
suggest an alternative mechanism for β-aryl quenching that
involves the formation of a σ bond between the excited carbonyl
oxygen and the ipso-carbon of the β-aryl group to form a short-
lived ground state biradical species.41 While a bond-forming
mechanism could also operate in the intermolecular quenching
case, the solid state geometries observed in the ketones studied
here appear to be unfavorable for such a mechanism to operate.
Although it is thought that quenching primarily occurs via the

n,π* triplet states, Netto-Ferreira et al. have shown that the pre-
exponential factor, A, for a series of phenylpropiophenones is
insensitive to the nature of the low-lying triplet state.39a By this
assumption, whenever the π,π* state is lower in energy, thermal
population of the T2 (n,π)* must occur for effective quenching.
For many of the benzophenones studied here, the difference in
energy between T2 and T1 is relatively small, <3 kcal/mol,36

Table 2. Comparison of Self-Quenching Rate Constants
(kSQ) in the Solid State and in Solution

benzophenone

ki (s
�1),

ACNa

kdec (s
�1),

solidb
kSQ (s�1),

solidc
kSQ (M�1 s�1),

C6H6

1 (H) 7.1 � 104 5.0 � 105 4.3 � 105 4.7 � 105

3 (NMe2) 8.7 � 104 5.6 � 1010 5.6 � 1010 2.8 � 108

5 (OMe) 3.3 � 105 1.4 � 107 1.4 � 107 2.2 � 107

6 (COOMe) 5.8 � 103 1.0 � 104 4.4 � 103 2.3 � 107

aDecay rate constant in acetonitrile solution. bDecay rate constant in
nanocrystalline suspension. c Estimated rate constant of self-quenching
in the solid state.

Figure 10. Definition of the spherical coordinates to describe the
geometric parameters involved in quenching of the triplet benzophe-
none: R is the distance vector from oxygen atom to the centroid of the
aromatic ring. The projection of R onto the plane is used to define the
azimuth (Θ) and altitude (Φ) angles. The azimuth, Θ, is the angle
formed between the projection ofR and the reference direction, which is
defined by a line along the CdO bond vector. The altitude, Φ, is
measured from the projection ofR on the plane to theR vector. Optimal
n-type quenching is predicted to occur at Θ = 60�90� and Φ = 0�.

Figure 11. Three-dimensional polar contour plot showing the relative
location (b) of the centroid of the nearest aryl quencher in space setting the
carbonyl oxygen as the origin. The quenchers occupy a relatively small area
of space. The data corresponds to benzophenones 1 (H), 2 (NH2), 4 (OH),
and 5 (OMe)38 and the β-aryl quencher from ref 40b (a).
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suggesting that population of the n,π* excited state should be
possible at ambient temperature within the lifetime of the excited
state. However, for the 4,40-bis(dimethylamino)benzophenone,
3, with a triplet lifetime τT = 305 ps in suspension, theπ,π* triplet
is lower by 20 kcal/mol, which makes it unlikely for thermal
population of the n,π* state to occur within such a short time
scale. While one may suggest the involvement of a configura-
tionally mixed excited state to engage a high-energy n,π* triplet
state, one may also consider an alternative reductive quenching
mechanism from the π,π* electronic configuration. In this case,
formal electron transfer would occur from the ground-state
aromatic ring of one molecule to the electron-deficient π-orbital
of the π,π* excited state. It may be expected that such an
interaction would have a π�π stacking geometry analogous to
that postulated for the oxidative π-type quenching mechanism.
While further analysis will be needed, the occurrence of reductive
quenching from both excited state configurations and both
interaction geometries are consistent with the results described.

’CONCLUSIONS

We have reported the triplet lifetime and spectra for a series of
4,40-disubstitued benzophenones in solution and as nanocrystal-
line suspensions obtained by a combination of femtosecond and
nanosecond transient absorption spectroscopy and phosphores-
cence measurements. We report a remarkable self-quenching
process for crystalline benzophenone triplet excited states with
rate constants as high as 1.5� 1010 s�1. We have shown that the
triplet excited states of nanocrystalline benzophenones 1�8 are
deactivated by an intermolecular self-quenching mechanism
consistent with reduction of the excited carbonyl. This is revealed
by an excellent correlation between the self-quenching rate con-
stants, which vary over 12 orders of magnitude, and the electron-
donating abilities of the substituents in the aromatic groups.
Furthermore, inspection of the crystal lattice of five of the eight
benzophenones studied revealed a structural arrangement with
the aromatic rings of their close neighbors occupying a similar
region of space with geometries that suggest a relatively loose
structural requirement for charge transfer quenching. This ob-
servation and the fact that reductive self-quenching occurs with
ketones known to have either n,π* and π,π* configuration leads
us to suggest the involvement of two reductive quenching
mechanisms where formal charge transfer interactions involve
the singly occupied n-orbital of ketones with an n,π* configuration
(n-typemechanism), or the lower lying singly occupiedπ*-orbital of
triplet ketones with a π,π* excited state. We believe that this study
highlights the potential of nanocrystalline suspensions as a medium
to analyze excited states and transient kinetics within crystalline
materials by time-resolved transmission spectroscopy methods.

’EXPERIMENTAL SECTION

General Methods. The excitation and emission spectra of all
samples were obtained on a Photon Technology International Quanta
Master spectrofluorimeter. Dynamic light scatteringmeasurements were
taken on a Beckman-Coulter N4 Plus submicrometer particle size
analyzer. Silica used for purification was Silica-P Flash silica gel
(40�62 Å), purchased from SiliCycle Inc. UV�vis spectra were taken
on a Beckman DU-650 spectrometer.
Nanocrystalline Suspensions. Nanocrystalline suspensions

were synthesized via the reprecipitation method, which produces stable
suspensions that can be easily transported in fluids such as water.10 The
crystalline nanoparticles were prepared by injecting a 0.4 M acetonitrile

or tetrahydrofuran solution of the desired benzophenone into ca. 1000
times the volume of purified vortexing Millipore water (i.e., 4�10 μL of
substrate into 4 mL water). In the case of the diacid 6, a DMSO solution
was used for the injection due to the low solubility of 6 in the other
solvents. The resulting suspension (ca. 7� 10�4M) was sonicated three
times at room temperature for 4 min, allowing for 2 min rest between
runs. Suspensions produced in this manner were optically dense in a
1 cm cuvette at wavelengths below 355 nm, and their optical densities
were adjusted by dilution to the values desired at the excitation
wavelength (e.g., A = 0.05�0.10).
Nanosecond Transient Absorption Spectroscopy. Transi-

ent absorption experiments, based on nanosecond laser photolysis, were
performed with the output of the third harmonics (355 nm) coming
from a Nd/YAG laser (Brilliant, Quantel). Moreover, pulse widths of
<5 ns with an energy of 10 mJ were selected. The optical detection is based
on a pulsed Xenon lamp (XBO450, Osram), a monochromator (Spectra
Pro 2300i, Acton Research), a R928 photomultiplier tube (Hamamatsu
Photonics), or a fast InGaAs photodiode (Nano 5, Coherent) with
amplification of 500 MHz and a digital oscilloscope (1 GHz; Wave-
Pro7100, LeCroy). The laser power of every laser pulse was registered by
using a bypath with a fast silicon photodiode. The nanosecond laser
photolysis experiments were performed with 1-cm quartz cells and the
solutions, at concentrations that were low enough to avoid the self-
quenching observed in solution, were saturated with argon if no other
gas saturation is indicated and stirred vigorously during the experiment.
The lifetimes were acquired in a minimum of triplicate. We confirmed
that there was no sample degradation after data acquisition.
Femtosecond Transient Absorption Spectroscopy. Femto-

second transient absorption studies were performed with 258 nm laser
pulses (1 kHz, 150 fs pulse width) from an amplified Ti/sapphire laser
system (model CPA 2101, Clark-MXR Inc.; output 775 nm). The
transient absorption pump�probe spectrometer (TAPPS) was referred
to as a two-beam setup, where the pump pulse was used as excitation
source for transient species and the delay of the probe pulse was exactly
controlled by an optical delay rail. As probe (white light continuum), a
small fraction of pulses stemming from the CPA laser system was
focused by a 50 mm lens into a 2-mm thick sapphire disk. The transient
spectra were recorded using fresh, oxygen-free solutions or freshly
prepared nanocrystalline suspensions. All experiments were performed
at 298 K in a 2 mm quartz cuvette. We confirmed that there was no
sample degradation after data acquisition.
Quenching Experiments. Nanosecond laser flash photolysis at

355 nm of benzophenone suspensions (3 mL) was conducted in argon-
saturated suspensions. To minimize changes in ground-state absorption, a
small volume (1 μL) of the inorganic salt (KI, NaI, NaBr, NaN3) in
Millipore water (typically 0.1�1 M) was added to the suspension, which
was then mixed thoroughly. The T1 f Tn Stern�Volmer quenching data
was recorded at 515 nm for an average of 120 laser shots for all suspensions.
The resulting Stern �Volmer quenching plots were acquired in at least
triplicate.
Phosphoresence Lifetime Measurements. The third harmo-

nic (355 nm) output of a Quantel Brilliant Nd/YAG laser was used for
triplet-state lifetime measurements (<5 ns pulse width,∼60 mJ/pulse).
Time-resolved and steady-state luminescence spectra were obtained
with a 0.3 m monochromator coupled to a Roper Scientific PIMAX
gated, intensified CCD (emission was collected at a right angle with
respect to the laser irradiation).
Dynamic Light Scattering (DLS). The DLS measurements were

conducted using a Beckman-Coulter N4 Plus particle analyzer with a
10 mW helium�neon laser at 632.8 nm. The particle size was determined
using a detector angle of 90�, and it was calculated using the size distribution
processor (SDP) analysis package provided by the manufacturer. A reason-
able match was obtained by scanning electron microscopy (SEM).
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Scanning Electron Microscopy (SEM). Benzophenone nano-
crystals obtained by the reprecipitation protocol were analyzed by SEM
to verify the size, shape, and formation of crystal faces. SEM studies were
performed with a JEOL JSM-6700F field-emission scanning electron
microscope. To prepare the SEM sample, a dilute benzophenone
suspension (4 � 10�4 M) was drop-cast onto a freshly cleaned silicon
wafer and allowed to dry in a desiccator. Both isolated crystals and
aggregates consisting of 2�10 crystals were observed. Figure 1 shows
benzophenone nanocrystals with sizes ranging between ca. 200 and
500 nm, in general agreement with the DLS results from the fluid
suspension. The particles are clearly faceted and crystalline.

’ASSOCIATED CONTENT
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