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ABSTRACT: The fluorescence intensity of molecular rotors containing the dicyanome-
thylenedihydrofuran (DCDHF) motif increases strongly with solvent viscosity. Single-
bond and double-bond rotations have been proposed as pathways of nonradiative decay
for this and related molecular rotors. We show here that both are involved in the case of
DCDHF rotors: Fluorescence is quenched by rotation around the dicyanomethylene
double bond in nonpolar solvents, but in a sufficiently polar environment rotation about a
formally single bond leads to a dark internal charge-transfer state.

Molecular rotors with a viscosity-dependent fluorescence
deactivation pathway are widely used as molecular

viscosity probes in biology,1−6 fluid dynamics,7−9 and materials
science.10−15 We have recently shown that such molecules (1
and 2 in Scheme 1) comprise a unique tool in studying contact
mechanics, enabling us for the first time to directly visualize
contacts between solid surfaces on a molecular scale.16

The photophysics of these remarkably useful probes and
functionally similar malononitriles are still incompletely under-
stood and actively debated.10,13,15,17−24 In a model proposed by
Willets,21 fluorescence deactivation of 1 occurs through an
irreversible twist involving the dicyanomethylene bond (γ in
Scheme 1), upon which the ground- and the excited-state
potential energy surfaces (PESs) come into sufficiently close
proximity to allow efficient deactivation. We have recently
reported nonexponential fluorescence decays for 1 in some
solvents,16 indicating that its photophysical behavior is
complex. Interestingly, in the case of 9-(2,2-dicyanovinyl)-
julolidine (DCVJ, see Scheme 1), nonexponential fluorescence
decays have also been observed. To explain this observation,
Dreger proposed a model involving a dark twisted state that
equilibrates with a planar locally excited (LE) state.14 In a more
recent study, Gaffney and coworkers19 studied time-resolved
infrared anisotropy of DCVJ in DMSO and showed that the LE
state decays to a hot ground state and to a twisted intermediate
species in DMSO. This branching may be different in other

Received: October 4, 2016
Accepted: October 13, 2016
Published: October 13, 2016

Scheme 1. Molecular Structures of 9-(2,2-
Dicyanovinyl)julolidine and the
Dicyanomethylenedihydrofuran Derivatives 1 and 2
Investigated Herea

a1a is simplified analogue of 1 that was used in TD-DFT calculations.
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solvents and may in turn present a cause for observed variations
in the viscosity response.18

The two proposed fluorescence deactivation pathways of 1
and 2 are presented in Scheme 2. After initial photoexcitation

from the ground-state (GS) and fast relaxation processes (with
rate constant k*), the molecule reaches the near-planar LE
state. From there it can radiatively relax to the ground state
(krad) or perform twisting motion around either the γ (kγ)

21 or
β (kPT) bond (see Scheme 1). Both twists result in fluorescence
deactivation. Twisting around γ leads to a conical intersection
(CI) with the ground-state PES and instantaneous nonradiative
relaxation. Twisting around the β bond yields a highly polar
TICT25 state. This state has a finite lifetime, and it can either
act as a sink (it converts to the GS directly with rate constant
kT0) or as a reservoir state (TICT back-converts to the LE state
and to the GS with rate constants kTP and kT0, respectively). In
the latter case delayed fluorescence occurs and causes
biexponential fluorescence decays. These twists occur easily
in liquid solvents but become hindered as solvent viscosity
increases. In this way, the degree of confinement is reflected by
a fluorescence response. Below we show that the deactivation
pathway of 1 strongly depends on solvent polarity: Deactivation
proceeds through CI (through γ twist in Scheme 1) in nonpolar
solvents, whereas polar solvents facilitate the formation of the
TICT species and subsequent deactivation (through β twist,
Scheme 1).
In this work, we use steady-state and time-resolved

fluorescence measurements and combine them with visible
pump mid-IR probe transient measurements. Combination of
these powerful techniques enables us to learn more about the

excited-state dynamics of 1 in a range of solvents. To further
deepen our fundamental understanding of the relevant
processes, we supplement our experimental findings with TD-
DFT calculations.
The steady-state absorption and fluorescence spectra of 1

(see Figure 1a) show significant changes in both the shape and
peak positions as solvents are changed from nonpolar hexane to
the highly polar DMSO, indicating charge-transfer character of
the excited state. From the Stokes shifts we estimate the
difference in dipole moments of S1 and S0 to be Δμ = 5.8 ± 0.9
D.22,23,26 Because of efficient fluorescence deactivation,
quantum yields in liquids are very low (see Figure 1a inset
and Table 1). In the very polar solvents DMSO and MeCN the

quantum yields (Φf) are <1%. This value is somewhat higher in
medium polarity EtOAc (2.9%) and peaks in the relatively
nonpolar toluene (5.0%). An order-of-magnitude drop in Φf
(∼0.6%) is observed when going from toluene to the even less
polar hexane (Figure 1a, inset). This trend can be explained by
the presence of two different barriers with different polarity
dependencies that lead to fluorescence deactivation.
The fluorescence decays show trends similar to the ones

observed in steady-state measurements. In hexane, the decays
are too fast to be measured with our TCSPC equipment. In
toluene, fluorescence decay is monoexponential and relatively
slow (120 ps). Our calculations (see below) indicate that the
increase in polarity (which occurs in the case of hexane vs
toluene) results in an increase in the energy barrier that
separates the LE state from the CI. In EtOAc, the decay is
biexponential (with time constants of τ1 = 30 and τ2 = 228 ps at

Scheme 2. Proposed Model for Fluorescence Deactivation of
1

Figure 1. (a) Steady-state absorption (solid lines) and fluorescence (dotted lines) spectra of 1 in hexane and DMSO. Inset: Φf (in hexane, toluene,
EtOAc, MeCN, and DMSO) versus relative permittivity. (b) Time-correlated single photon counting traces of 1 in EtOAc measured at different
temperatures. Inset: Integrated fluorescence intensity (normalized by the total intensity measured at 5.4 °C) versus temperature.

Table 1. Fluorescence Properties of 1 at Room Temperature
(24 °C)

solvent η/cPa ϵr
a Φf/%

b krad × 108/s−1d

hexane 0.30 1.9 ∼0.6 2.8
toluene 0.56 2.4 5.0 3.1
EtOAc 0.42 6.0 2.9c 2.8
MeCN 0.37 36.6 ∼0.3 2.8
DMSO 1.99 46.8 ∼ 0.5 3.0

aValues for relative permittivity (ϵr) and viscosity (η) obtained from
ref 27. bFor fluorescence quantum yields fluorescein in 0.1 M NaOH
(Φf = 0.8928) was used as a reference. cΦf obtained from ref 16.
dRadiative rates from the Strickler−Berg expression.
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room temperature, Figure 1b). Reconstructed decay-associated
fluorescence spectra show two components with identical
spectral profiles (Figure S14), indicating that fluorescence
emission occurs from a single state. The trend obtained from
calculations presented below suggests that EtOAc is just polar
enough to prevent crossing at the energy barrier leading to the
CI (the γ twist becomes hindered) and to simultaneously lower
the energy barrier that separates the LE state from the β-twisted
(TICT) state. It is, however, not polar enough to stabilize the
TICT state to such an extent that it cannot convert back to the
fluorescent planar LE state. As a result of this interconversion
we observe delayed fluorescence. The kinetic model (see
Scheme 2) can be expressed by the following equations

= − −
t

k k k
d[P]

d
[T] [P] [P]TP PT rad (1)

= − −
t

k k k
d[T]

d
[P] [T] [T]PT TP T0 (2)

= − −[GS] 1 [P] [T] (3)

(where P, T, and GS are the planar, TICT, and ground state,
respectively), which can be solved analytically, so that kPT, kTP,
and kT0 can be obtained from our data. The kPT and kTP values
thus obtained allow estimation of the energy of the TICT state
to be ∼0.9 kcal/mol lower than the energy of the planar LE
state at room temperature for 1 in EtOAc.

Fluorescence emission spectra measured at increasing
temperatures show an unusual increase in intensities with
temperature (Figure 1b, inset). To further investigate this, we
have measured fluorescence decays for 1 in EtOAc at different
temperatures (see Figure 1b and Table S2). The twisting rates
kPT and kTP increase with temperature, while kT0 somewhat
counterintuitively decreases. This causes the shorter time
constant (τ1) to decrease (from 37 ps at 5.5 °C to 25 ps at 54.5
°C) and the longer one (τ2) to increase (from 168 ps at 5.5 °C
to 282 ps at 54.5 °C). Two factors contribute to the increase in
Φf with increasing temperature: (1) Nonradiative relaxation of
1 in EtOAc occurs through the TICT state; the decrease in kT0
results in less efficient nonradiative decay. (2) The simulta-
neous increase in kTP/kPT produces an increase in population of
the fluorescent planar state (P). The change in kT0 probably
originates from the fact that increasing the temperature causes
the relative permittivity of EtOAc to decrease from ∼6.4 (5.5
°C) to ∼5.4 (54 °C),27 which, in turn, destabilizes the TICT
state and separates it further from the GS PES rendering
nonradiative decay less rapid.29 At the same time, the energy of
the TICT state comes closer to the energy of the LE state,
increasing kTP. The increase in Φ f and longer τ2 with
temperature (Figure 1b) show that the escape through the
alternative channel (γ twist) does not occur under these
conditions.
In DMSO, the TICT state (β-twisted structure in Scheme 2)

readily forms and does not revert back to the fluorescent LE

Figure 2. Time-resolved infrared spectra of 1 in DMSO measured by vis-pump (λexc = 488 nm) mid-IR probe spectroscopy. (a) Spectral traces
measured in CC (left) and CN (right) stretch regions. (b) Reconstructed species associated spectra for CC (left) and CN (right) regions. (c)
Representative time traces and fits obtained for CC (left) and CN (right) regions.
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planar state. The formation of the β-twisted transient species in
polar DMSO can be observed in vis-pump mid-IR probe
measurements (time resolution ∼200 fs). Transient IR spectral
traces for 1 in DMSO measured in the CC and CN regions
are shown in Figure 2a. Representative time traces are shown in
Figure 2c. In the CC region, ground-state bleach (GSB)
bands are centered at 1568 and 1608 cm−1. Another GSB band
is centered at 1542 cm−1, but its strong overlap with excited-
state absorption (ESA) bands originating from the planar LE
state makes it visible only at later probe delays. An excited-state
band rises at 1582 cm−1, and we attribute it to the formation of
the β-twisted TICT state. Its rise correlates with the decay of
LE ESA bands centered at 1535 and 1552 cm−1 (Figure 2a,c,
left side), indicating sequential formation kinetics. A spectral
signature of this species can also be observed in the CN stretch
region (see Figure 2a,c, right side). The TICT state manifests
itself here as a rise in the ESA, but very pronounced overlap
between the CN bands (symmetric and asymmetric stretches)
of the LE and TICT states complicates the separation of the
bands associated with the two species. From a global fit of the
transient data with a target sequential model30 (see eq 4 and
the Supporting Information for details), we reconstruct species-
associated spectra (shown in Figure 2b), with rate constants of
kPT = (3.68 ± 0.06) × 10−2 ps−1 and kT0 = (9.85 ± 0.03) × 10−2

ps−1 (k* was too fast to be resolved).

→ ⎯→⎯ ⎯→⎯β*
*

S S S S
k k k

1,LE 1,LE 1, (TICT) 0
PT T0

(4)

Vis-pump mid-IR probe measurements for 1 in toluene do
not indicate the presence of transient species. Global analysis
with sequential model yields two rate constants of 1.31 ± 0.07
and (8.32 ± 0.02) × 10−3 ps−1 (Figure 3). We attribute the
shorter one to vibrational cooling and the longer one to the
decay of the fluorescent LE state. These rates show excellent
agreement with the fluorescence measurements and indicate
that fluorescence deactivation of 1 indeed proceeds through CI
and does not involve transient intermediates.
Relaxed scans of the excited-state PES for 1a obtained by

TD-DFT (CAM-B3LYP/6-31+G(d)) calculations, where sol-
vent effects are included using the polarizable continuum model
(PCM),31 show excellent agreement with our experimental
results. TD-DFT calculations find three minima (see Figure 4
and Scheme 2) on the S1 PES. One minimum belongs to the
fluorescent LE planar state, which is reached upon photo-
excitation and subsequent relaxation. A second minimum is
reached by twisting about the γ bond (see Scheme 2). The
sudden drop in oscillator strength and the close proximity of
the GS and ES PES (see Figure 4a and inset) both suggest the
presence of a CI near these coordinates. This is in excellent
agreement with the initially proposed deactivation model21 and

identifies this twist as an important fluorescence deactivation
pathway. Our calculations indicate that the dipole moment
decreases as the twist advances, which, in turn, results in polar
solvents hindering this twist. Such a trend was observed
previously by Massin et al., who used deactivation through a
dicyanomethylene twist to probe medium polarity.32 Con-
sequently, this pathway is expected to be less favorable in polar
solvents (calculated barriers are 3.1 and 5.8 kcal/mol for
toluene and DMSO, respectively). We have experimentally
estimated (see Supporting Information) this barrier to be ∼3.6
kcal mol−1 in hexane (ϵr = 1.89) and toluene (ϵr = 2.38). This
value is reasonably close to the calculated value of 3.1 kcal
mol−1 obtained for toluene. The third PES minimum can be
accessed through twisting of the β bond (Scheme 2 and Figure
4b). It is accompanied by a large increase in the calculated
dipole moment and a gradual drop in the oscillator strength. A
polar environment stabilizes this highly polar state and lowers
the energy barrier that separates it from the LE planar state

Figure 3. (a) Representative time traces of 1 in toluene. (b) Species-associated spectra obtained from global analysis with sequential model assumed.

Figure 4. Potential energy surface scans of 1a with polarizable
continuum model solvation. Insets show oscillator strength as a
function of scanned dihedral angle. Ground-state energies are
calculated at excited-state geometries. (a) Relaxed γ-constrained
scan. (b) Relaxed β-constrained scan.
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(from 1.3 kcal mol−1 in toluene to 0.1 kcal mol−1 in DMSO).
This makes the β-twisted TICT state easier to reach but
hinders the back conversion from the TICT to the planar
fluorescent state when the environment is too polar. The
energy difference between the GS and ES twisted geometries
decreases as polarity increases (from 52 kcal mol−1 in toluene
to 29 kcal mol−1 in DMSO), but the surfaces still remain well-
separated and the oscillator strengths decrease gradually with
increasing β. We have found no evidence of a CI near these
coordinates. Instead, nonradiative relaxation from this state is
expected (and experimentally observed) to become more
efficient as the solvent polarity increases due to the increasing
proximity of the two surfaces (energy-gap law).29 The trends
obtained from the TD-DFT calculations are in excellent
agreement with our experimental observations that show that
reversible β twist occurs in solvents of medium polarity
(EtOAc) and becomes irreversible as polarity increases further
(DMSO, MeCN) due to stabilization of the TICT state.
To conclude, we have shown that 1 (and by analogy, 2) can

relax to the ground state via two distinct pathways. Both involve
significant changes in geometry and account for the sensitivity
of the fluorescence of these molecules to viscosity and free
volume. The relaxation pathway depends strongly on the
dielectric properties of the molecular environment: In nonpolar
solvents relaxation occurs by twisting about the exocyclic CC
(γ) bond, which results in momentary deactivation. Polar
solvents hinder this twist, while at the same time opening up a
new deactivation pathway that leads to the dark intermediate β
twisted ICT state from which the nonradiative relaxation
occurs. The presence of two decay pathways leads to a
discontinuous dependence of the nonradiative decay rate at low
viscosities on the polarity. Because the two pathways have
different spatial requirements, the dependences of their rates on
viscosity and free volume may be different. These factors need
to be taken into account when molecular rotors similar to 1 are
used as viscosity/free volume sensors.
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