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ABSTRACT: Ultrafast infrared vibrational spectroscopy is widely
used for the investigation of dynamics in systems from water to model
membranes. Because the experimental observation window is limited
to a few times the probe’s vibrational lifetime, a frequent obstacle for
the measurement of a broad time range is short molecular vibrational
lifetimes (typically a few to tens of picoseconds). Five new long-
lifetime aromatic selenocyanate vibrational probes have been
synthesized and their vibrational properties characterized. These
probes are compared to commercial phenyl selenocyanate. The
vibrational lifetimes range between ∼400 and 500 ps in complex
solvents, which are some of the longest room-temperature vibrational
lifetimes reported to date. In contrast to vibrations that are long-lived
in simple solvents such as CCl4, but become much shorter in complex
solvents, the probes discussed here have ∼400 ps lifetimes in complex solvents and even longer in simple solvents. One of them has a
remarkable lifetime of 1235 ps in CCl4. These probes have a range of molecular sizes and geometries that can make them useful for
placement into different complex materials due to steric reasons, and some of them have functionalities that enable their synthetic
incorporation into larger molecules, such as industrial polymers. We investigated the effect of a range of electron-donating and
electron-withdrawing para-substituents on the vibrational properties of the CN stretch. The probes have a solvent-independent
linear relationship to the Hammett substituent parameter when evaluated with respect to the CN vibrational frequency and the ipso
13C NMR chemical shift.

I. INTRODUCTION

Important properties of chemical systems, from water to
polymers, are determined by their molecular level dynamics.1,2

Ultrafast time-resolved IR spectroscopy is particularly well-
suited for investigating the relationships among dynamics,
interactions, and structures because it can measure properties
such as orientational relaxation2−5 and spectral diffusion6−10

of a vibrational probe molecule. Such measurements can be
used to investigate dynamics and how they are influenced by
local and mesoscopic environments.1,5,8,9,11−15 A successful
experiment requires the detection of a spectrally resolved
vibrational signal, ideally from a vibration with a lifetime at
least as long as the dynamics of interest.1,16 However, the
native structures of many chemical systems suffer from
overlapping signals and short vibrational lifetimes,1,17 which
are frequently not sufficient to fully capture the time range of
the dynamic processes of interest.
These challenges have been circumvented by using

vibrational probes. Vibrational probes are molecules that
absorb infrared (IR) light, typically in the mid-IR region.1,8−11

Their use became common practice in pump−probe and 2D
IR spectroscopy, as it is possible to find probes with a

spectrally resolved resonance that offers a sufficiently long
vibrational lifetime. An additional desirable characteristic of
vibrational probes is sensitivity to local environments, which
makes it possible to investigate structural dynamics.11

Commonly used vibrational probes include carbon−deute-
rium (C−D) and oxygen−deuterium (O−D) bonds,1,12,18

nitriles (CN),19−23 thiocyanates (SCN),10,15,24 selenocyanates
(SeCN),16 alkynes (CC),25 isonitriles (NCN),26 cyanamides
(NCN),1,23,27 metal carbonyls (M(CO)x),

6,28 and azides
(N3).

1,27 These groups have been used in a wide variety of
applications, some of which include the replacement of native
bonds with negligible structural disturbance,8,12 the study of
hydrogen bond networks,13 molecular dynamics in pro-
teins,9,19,29,30 nucleic acids,14 polymers,5 phospholipids,31

glasses,32 and ionic liquids.8,33,34 The development of new
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vibrational probes is an active area of research, as there is no
single probe well-suited to study all chemical systems. As
more vibrational probes are developed, systems of increasing
structural and dynamic complexity can be studied.
Complex molecular systems, such as model biological

membranes or polymers below their glass transition temper-
ature, can have molecular level dynamics that span a wide
range of time scales. At room temperature, the lifetimes of
commonly used vibrations range from single-digit picoseconds
to several tens of picoseconds.1,7,9,11,12,19,26 Because the
vibrational lifetime determines the experimental observation
window,16 it is not possible to use many vibrational probes to
characterize a wide range of dynamic processes, for example,
from 100 fs to 1 ns.
Some vibrational lifetimes have been extended by isotopic

labeling and others by cryogenic cooling.28,35,36 However,
these methods are costly or do not offer realistic conditions
for the study of most native molecular behaviors. Another
well-documented method that lengthens vibrational lifetimes
is the introduction of a heavy atom (such as S, Se, or Sn)
between the probe moiety and the rest of the molecule.16,24,30

The heavy atom isolates the vibration of the reporting
vibrational mode from the high density of vibrational energy-
accepting states in the rest of the molecule, causing a
retardation of intramolecular vibrational relaxation and the
extension of the excited state lifetime.16,25,37 This method has
been used with alkynes,25 azides,27 nitriles,24 and modified
amino acids.7,16

In addition to temporal resolution, vibrational probes
provide structural resolution through solvatochromism.11,38,39

Solvatochromism results in a vibrational frequency shift that is
proportional to the magnitude of the electric field applied by
the local environment along the molecule’s vibrational ground
and excited state dipole difference vector.11,38,40−42 The
electric field sensitivity is quantified by the Stark tuning rate
(STR).42 The ability to obtain information reported by
different subensembles of spectrally resolvable vibrational
probes can enable the extraction of quantitative, environment-
specific, structural and dynamic information in a single
chemical matrix.11

Nitrile probes display a single well-dispersed absorption
spectrum and have relatively long lifetimes, useful molar
extinction coefficients, and high STRs of up to ∼7 cm−1/
(GV/m).1,9,11,39,42,43 Moreover, it has been shown that the
vibrational Stark effect can account for the solvatochromism in
nitriles, which simplifies the analysis of environment-specific
dynamics.42 These characteristics make nitrile probes versatile
molecular reporters.9,19 The commercially available molecule
phenyl selenocyanate (PhenylSeCN) belongs to the family of
nitrile probes and was found to have an extremely long
vibrational lifetime of 377 ps in dimethylformamide (DMF) at
room temperature. PhenylSeCN has been used to measure
molecular dynamics over a large experimental observation
window from ∼100 fs to ∼1 ns in amorphous glass-forming
polymers.5

Here, we report five new long-lived selenocyanate vibra-
tional probes. The lifetimes of the new probes and
PhenylSeCN were measured in two complex solvents
dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO)at room temperature, and two of the probes’
lifetimes were also measured in simple solventscarbon
tetrachloride (CCl4) and chloroform (CHCl3)and com-
pared to the metal carbonyl, W(CO)6, which in CCl4, to our

knowledge, has the longest previously reported vibrational
lifetime (700 ps) at room temperature.44 In addition, the
spectral shifts of each probe were measured in up to 10
solvents, and by using this information, we investigated the
probes’ sensitivity to the chemical environment. All novel
probes behaved essentially the same as PhenylSeCN with a
Stark tuning rate (STR) of 12.3 ± 2.4 cm−1/(GV/m)).5 This
STR represents an ∼2-fold increase over the typical STRs of
other nitrile vibrational probes.42 In contrast to the
commercially available PhenylSeCN, which is a hydrogen
bond acceptor, three of the probes are both H-bond donors
and acceptors. Two of the probes have functional groups, an
amine and a carboxylic acid, which can be used to
synthetically attach the probes to other molecules. Four of
the probes, which can be viewed as PhenylSeCN with a para
substituent of varying electron-donating and -withdrawing
strengths, were selected to investigate the substituents’
electronic effects on the CN moiety. These molecules were
found to have a linear relationship to the p-Hammett
substituent parameter when evaluated with respect to the
CN vibrational resonance frequency and the ipso 13C nuclear
magnetic resonance spectroscopy chemical shift.
The five new -SeCN probes are (Z)-3-(4-selenocyanato-

phenylcarbamoyl)acrylic acid (Acrylic AcidSeCN), norbor-
nene dicarboximide−phenyl selenocyanate (Norbornene-
SeCN), p-nitrophenyl selenocyanate (NitroSeCN), p-aniline
selenocyanate (AnilineSeCN), and 3-indole selenocyanate
(IndoleSeCN). Schemes of the synthesis of the probes are
given in Section IV, and the probes’ chemical structures are
shown in Figure 1. The full synthetic procedures are presented

Figure 1. Chemical structures of long-lived selenocyanate vibrational
probes.
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for the five new probes in the Supporting Information. Apart
from NitroSeCN, selenocyanation was achieved by addition of
an electron-rich aromatic directly to triselenocyanide, which
was generated by the reaction of selenium dioxide and
malononitrile.45 While this method is preferable due to its
speed, simplicity, and high efficiency, its use is limited to
electron-rich nitrogen- or oxygen-containing heterocycles and
fails to react when using electron-poor alternatives. Therefore,
for the synthesis of NitroSeCN, selenocyanation was achieved
by the addition of potassium selenocyanate to an activated
diazonium salt.46

Indole was selected as a probe for its widespread use in
medical applications and ease of selenocyanation.47 In
addition, the probes were designed to fit structures commonly
found in polymers such as amide−acids, imides, amines, and
norbornenes to examine their potential incorporation into
polymers of similar chemical structures. Such incorporations
would result in the study of complex chemical systems with
almost native vibrational probes, which would eliminate
disturbances to the systems’ native molecular behavior while
still retaining the ability to study dynamics over long time
scales.
The vibrational lifetimes of the probes, measured in DMF

and DMSO, were hundreds of picoseconds long, which are
possibly the longest vibrational lifetimes in complex environ-
ments at room temperature. In DMSO, IndoleSeCN displayed
the longest lifetime (506 ps). Additionally, the lifetimes of
PhenylSeCN and AnilineSeCN in two structurally simple
solventsCCl4 and CHCl3displayed remarkable lifetimes
between 730 and 1235 ps. A heuristic discussion is provided
to illustrate the structural considerations that play a role in the
vibrational relaxation process of these molecules.
As ultrafast vibrational experiments can typically be

conducted to 4 or 5 lifetimes, these probes permit dynamics
to be observed to ∼2 ns. These long lifetimes and high
environmental sensitivity probes are especially well-suited for
the study of structurally complex systems with highly
heterogeneous environments and slow components of
structural dynamics.

II. METHODS
IIA. Sample Preparation. Each vibrational probe was

dissolved in a minimal volume of solvent, and a few drops of
the resulting solution were deposited between two calcium
fluoride (CaF2) windows, separated by a 250 μm Teflon
spacer, and placed in a copper sample cell holder. FT-IR
spectra of all resulting solutions were collected at room
temperature with a resolution of 0.24 cm−1. All spectra were
background subtracted by using the absorption spectrum of
the solvent.
IIB. Polarization-Selective Pump−Probe (PSPP) Spec-

troscopy. A detailed description of the instrumental setup
has been provided previously.48,49 Briefly, a Ti:Sapphire
oscillator/regenerative amplifier was used to produce pulses
of 800 nm light with 2 mJ of energy and 3 kHz repetition rate.
The output from the regenerative amplifier was converted
from 800 nm to 4.6 μm (30 μJ and 3 kHz repetition rate) by
using a home-built optical parametric amplifier (OPA). The
mid-IR OPA output was tuned to 2155 cm−1. It has a
bandwidth of 100 cm−1, and it is near transform limited.
The population decay of each probe was measured by using

a polarization-selective pump−probe (PSPP) ultrafast IR
experiment. The OPA output is split into a strong pump

beam (∼90% intensity) and a weak probe beam (∼5%
intensity). The pump beam is directed through a germanium
acousto-optic modulator (AOM) for pulse shaping, which
functions by blocking the resonant frequencies of every other
pulse.50 The probe is directed to a variable mechanical delay
stage (range = ∼2 ns). Before the sample, the polarization of
the pump pulse is rotated +45° relative to the probe pulse. A
computer-controlled polarizer resolves the probe polarization
after the sample at +45° (parallel) and −45° (perpendicular).
The signal intensities, parallel (I∥(t)) and perpendicular
(I⊥(t)), are measured.3,4 The probe pulse is frequency
resolved by using a monochromator and a 32-pixel mercury
cadmium telluride (MCT) array detector. The time evolution
of the parallel and perpendicular pump−probe signals is
obtained by increasing the time delay, t, between pump and
probe pulses by using the mechanical delay stage mentioned
above. The population decay, P(t) (lifetime), is given by

P t I I( )
1
3

( 2 )= + ⊥ (1)

III. RESULTS AND DISCUSSION
IIIA. Vibrational Spectra. The infrared absorption spectra

of all new selenocyanate probes in DMF are shown in Figure
2, with fits using a Voigt function. The fit parameters are

presented in Table 1. The spectra for the probes in DMSO
are quite similar. Parameters for the probes in DMSO are also
given in Table 1. All probes display a single vibrational
resonance from the stretching mode of the CN moiety in the
vicinity of 2150 cm−1, which is consistent with the vibrational
frequency of PhenylSeCN in non-hydrogen-bonding sol-
vents.51,52 In DMF, the PhenylSeCN spectrum is centered
at 2152 cm−1. AnilineSeCN displays the lowest vibrational
frequency at 2148 cm−1, followed by IndoleSeCN and Acrylic
AcidSeCN, which are centered at 2150 and 2151 cm−1,
respectively. NorborneneSeCN and NitroSeCN shift to higher
frequency relative to PhenylSeCN, with absorption maxima at
2153 and 2156 cm−1, respectively. The full width at half-
maxima (FWHM) of all probes are similar to that of
PhenylSeCN, ∼9.5 cm−1,51,52 and range from 9.1 to 10.0
cm−1 in DMF (see Table 1).
The spectral shifts can be rationalized in terms of Hammett

parameters. Historically, the Hammett equation has been used
to investigate the electronic effects on reaction rates at the
meta and para positions of substituted benzene systems53 and
is typically written as

Figure 2. Normalized linear absorption spectrum of the nitrile
stretch of selenocyanate probes in DMF. The spectra are well-
described by a Voigt function. The fitting parameters are shown in
Table 1.
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k klog logR 0ρσ= + (2)

with k the rate constant of the reaction with different
substituents R, k0 the rate constant of an unsubstituted
compound, and ρ the sensitivity constant, which in this study
quantifies the susceptibility of the CN vibrational frequency
and the ipso 13C NMR chemical shift to the nature of the p-
substituent. The application of Hammett constants to
properties other than rates of reactions has been used
successfully to investigate electronic substitution effects for
1H NMR and vibrational frequencies for a number of
compounds.54−57 The p-substituted phenyl selenocyanates
offer good solubility in a variety of solvents, which allows the
correlation between the substituent and the Hammett
constant to be observed in different chemical environments.
The IR center frequency shift of the CN stretching mode

(ω) and the 13C chemical shift of the ipso carbon (δ, ppm) in
DMSO are plotted against the Hammett parameter, σp, for the
nitro, aniline, acrylic acid, and norbornene selenocyanate
probes in Figures 3A and 3B, respectively. We chose to use p-
substituted PhenylSeCN analogues, as the σp constants
represent the net influence of both inductive and resonance
effects, while the σm constant is limited to the inductive effect
of the substituent alone.58 The IndoleSeCN probe does not fit
the structural requirement of a p-substituted PhenylSeCN
molecule, and it is not included in these plots. Hammett plots
for the vibrational frequency in dimethylformamide, chloro-
form, and dichloromethane as well as a Hammett plot for the
13C chemical shifts in CHCl3 are presented in the Supporting
Information. The results in all solvents show equally good
correlations with identical slopes.
The vibrational frequency is determined by the CN bond

order and can be understood in light of the NMR ipso carbon
chemical shifts. The carbon chemical shift is governed by the
electron density on the atom, which in this case determines
the extent of cross-conjugation between the selenium atom
and the phenyl ring. An upfield shift results from a larger
electron density at the ipso carbon (from the p-substituent),
and it indicates less cross-conjugation from the selenium atom
into the phenyl ring. Consequently, the selenium lone pair
electrons can, by resonance, participate in the CN bond, thus
decreasing its triple-bond character and vibrational frequency.
Therefore, a stronger electron-donating character of the p-

substituent is expected to decrease cross-conjugation (upfield
chemical shift) and red-shift the vibrational frequency, and
vice versa. The Hammett correlation and the absorption
spectra indicate that the vibrational frequency shift of a
PhenylSeCN molecule is determined by the electron-donating
and -withdrawing ability of the p-substituent. It is important to
note that since hydrogen bonding is known to affect the
vibrational frequency of nitriles,23,38,42,59 these results are only
valid for non-hydrogen-bonding solvents.

IIIB. Vibrational Lifetimes. The vibrational lifetime
decay, τ1, of each probe in DMF was measured by using
PSPP spectroscopy (eq 1), and the results are shown in Figure
4. The lifetimes in DMF and DMSO are given in Table 1. The
plot shows the normalized population decay dynamics of the

Table 1. Spectroscopic Properties of Selenocyanate Vibrational Probes in Several Solvents

probe solvent ω (cm−1) FWHM (cm−1) τ1 (ps) |μ01|
2 (×10−3 D2) ε (M−1 cm−1)

PhenylSeCN DMF 2152 ± 0.1 9.8 ± 0.03 377 ± 1 3.4 ± 0.2 51.5 ± 0.2
DMSO 2150 ± 0.1 11.3 ± 0.05 420 ± 1
CCl4 2151 ± 0.1 7.3 ± 1.20 734 ± 1
CHCl3 2158 ± 0.1 9.5 ± 0.13 661 ± 1

AnilineSeCN DMF 2148 ± 0.1 9.6 ± 0.03 457 ± 1 3.7 ± 0.3 55.8 ± 0.2
DMSO 2146 ± 0.1 9.6 ± 0.04 469 ± 1
CCl4 2156 ± 0.1 7.0 ± 0.2 1235 ± 1
CHCl3 2153 ± 0.1 10.5 ± 0.05 908 ± 1

IndoleSeCN DMF 2150 ± 0.1 9.1 ± 0.03 456 ± 1 3.4 ± 0.3 43.6 ± 0.2
DMSO 2148 ± 0.1 10.8 ± 0.02 506 ± 1

Acrylic AcidSeCN DMF 2151 ± 0.1 9.5 ± 0.03 388 ± 1 3.9 ± 0.3 48.5 ± 0.2
DMSO 2149 ± 0.1 11.1 ± 0.08 422 ± 1

NorborneneSeCN DMF 2153 ± 0.1 9.8 ± 0.02 414 ± 2 3.7 ± 1.0 43.4 ± 0.2
DMSO 2150 ± 0.1 11.1 ± 0.18 462 ± 1

NitroSeCN DMF 2156 ± 0.1 10.0 ± 0.01 367 ± 1 2.9 ± 0.7 30.5 ± 0.1
DMSO 2154 ± 0.1 11.5 ± 0.07 430 ± 1

Figure 3. Hammett correlation of the σp constant with (A)
vibrational frequency of the CN stretch and (B) ipso carbon 13C
chemical shift in DMSO. Hammett constants for σp were taken from
the literature.57 Both the vibrational frequency and the 13C chemical
shift displayed excellent correlation with σp. For clarity, the names of
the probes have been further abbreviated. An: aniline; AA: acrylic
acid; Nb: norbornene; Nt: nitro.
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center frequency of the 1−2 vibrational transition. The 1−2
transition has the same lifetime as the 0−1 transition as both
decays result from population decay from the 1 level to the 0
level. The 1−2 transition was used because it is less
susceptible to solvent heating effects. An isotropic heating
signal that results from background solvent absorption was
observed in the PSPP experiment, which manifests as an early
time deviation from exponential decay and a long-time
constant offset.5 Using a combination of a recently developed
pulse-shaping method and data processing,5,50 we removed
the background heating signal to obtain the population decays
presented in Figure 4 and given in Table 1.
The resulting population dynamics are a single-exponential

decay. In DMF, the lifetime of PhenylSeCN is 377 ± 1 ps.
Acrylic AcidSeCN and NorborneneSeCN have lifetimes of
388 ± 1 and 414 ± 2 ps, respectively, while IndoleSeCN and
AnilineSeCN displayed somewhat longer lifetimes of 456 ± 1
and 457 ± 1 ps, respectively. NitroSeCN has the shortest
lifetime in DMF with 367 ± 1 ps.
While we were able to increase the lifetime of the nitrile

stretch vibration by changing the structure of the molecule, a
systematic understanding of the relation between chemical
structure and vibrational lifetime was not possible. The
Hammett parameters were only mildly correlated to the
vibrational lifetime in both DMF and DMSO, as shown in
Figure 5. The results of the Hammett plots in Figure 3 show
that in a particular solvent the vibrational frequency and the
chemical shift are dominated by the structure of the molecules

alone. However, vibrational relaxation depends on the
coupling of the relaxing mode, CN, to both intra- and
intermolecular modes, which is why Figure 5 shows that the
vibrational lifetime is only weakly correlated to σp, as this
parameter cannot capture the interactions between the probe
and the solvent. Vibrational relaxation requires the energy of
initially excited modes to be conserved by a combination of
creation and annihilation of other modes.37 These modes are
vibrations of the molecule containing the excited mode and
low-frequency modes of the solvent continuum, and possibly
molecular vibrations of solvent molecules.37,44 There are three
key factors in the rate of relaxation of an excited vibration: the
anharmonic coupling strengths of the excited mode to inter-
and intramolecular modes, the number of modes required to
conserve energy (order of the process), and the density of
states of the continuum modes. Having more modes required
in the relaxation process, a weaker coupling between the
excited mode and accepting modes and a low density of states
result in longer lifetimes.37

To our knowledge, no other vibrational probes display such
long lifetimes as the new selenocyanate structures under room
temperature conditions in complex solvents. These long
vibrational lifetimes are attributed to the well-known effect
of a heavy atom, which in this case is the selenium atom.16

Kossowska et al. observed a 2-fold increase in the vibrational
lifetime of a phenyl alkyne molecule by introducing a sulfur
atom, and a 17-fold increase by introduction of a selenium
atom between the alkyne and the phenyl ring. Still, the longest
lifetime achieved was 94.2 ps.16,24,25 Chalyavi et al. employed
the introduction of heavy atoms to extend the lifetime of
azides and observed that when a carbon atom is replaced by
Sn in a triphenyl azide molecule, there was a 2-fold increase in
the vibrational lifetime from 2 to 4 ps.27 For comparison,
benzonitrile (BZN) was previously reported to have a 5.6 ps
lifetime in a non-hydrogen-bonding system,36 which is
consistent with the lifetime of other nitriles.16,52,60 Compared
to BZN, incorporation of a selenium atom to make
PhenylSeCN causes a ∼67-fold increase in the vibrational
lifetime to 377 ± 1 ps (Table 1). Incorporation of a heavy
atom isolates the CN stretch. The effect is caused by
decoupling the CN stretch from the high density of accepting
modes of the rest of the molecule, retarding intramolecular
vibrational relaxation pathways.25,37 Comparison to the studies
mentioned above suggests that the heavy-atom effect has a
larger impact on phenyl nitriles than on phenyl alkynes and
azides. A discussion of the possible reasons for the long
lifetimes of the new -SeCN probes is provided below.
To motivate this discussion, it is interesting to first compare

the vibrational relaxation of W(CO)6 in simple and complex
solvents to the relaxation of two of the -SeCN probes:
PhenylSeCN, which is commercially available, and Aniline-
SeCN, which is the p-substituted probe with the longest
lifetime of the probes in both DMF (457 ps) and DMSO
(469 ps). W(CO)6 has a room-temperature lifetime of 700 ps
in CCl4. Prior to this work, to our knowledge, 700 ps was the
longest vibrational lifetime for a molecule in a room-
temperature liquid. PhenylSeCN in room-temperature CCl4
displayed a CN stretch lifetime of 734 ps, just slightly longer
than that of W(CO)6. Notably, the AnilineSeCN lifetime in
room-temperature CCl4 is a remarkable 1235 ps. Again, to our
knowledge, this is by far the longest vibrational lifetime
measured in a room-temperature liquid.

Figure 4. First vibrational excited state population decay of
selenocyanate probes’ CN stretch in DMF. The decays are single
exponentials. Fits to the decays give the vibrational lifetimes. The
lifetimes in DMF and DMSO are given in Table 1.

Figure 5. Hammett correlation of the σp constant with the lifetime of
the first excited state of the selenocyanate probes’ CN stretch in
DMF and DMSO. For clarity, the names of the probes have been
further abbreviated. An: aniline; Nb: norbornene; Nt: nitro; AA:
acrylic acid. It can be seen that the CN vibrational lifetime is not well
correlated to σp.
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CCl4 is a very simple solvent, so it is important to consider
how vibrational lifetimes change as the solvent becomes more
complex. In CHCl3, the W(CO)6 lifetime decreases from 700
to 370 ps, which is a 47% decrease caused by a relatively small
change in the nature of the solvent. In contrast, the
PhenylSeCN lifetime decreases from 734 to 662 ps (10%
decrease), and the AnilineSeCN lifetime decreases from 1235
to 908 ps (26% decrease).
Of more importance is what these molecules’ lifetimes are

in complex solvents, where there are more notable differences.
PhenylSeCN has lifetimes of 377 and 420 ps in DMF and
DMSO, respectively. The lifetimes of W(CO)6 in these
solvents have not been measured. However, for similarly
complex solvents, the W(CO)6 lifetimes are much shorter,
with 150 ps in 2-methylpentane,61 110 ps in the alkane region
of a dilauroylphosphatidylcholine bilayer,62 and 85 ps in 2-
methyltetrahydrofuran.61

What is really interesting about the selenocyanate probes is
that while W(CO)6 and PhenylSeCN have similar lifetimes in
CCl4, W(CO)6’s lifetime is ∼100 ps in complex solvents (85%
decrease), whereas PhenylSeCN’s lifetime remains at ∼400 ps
(45% decrease). W(CO)6 and other metal carbonyls, which
have even shorter lifetimes, have very large transition dipoles,
while the -SeCN probes have moderately small transition
dipoles (see section IIIC). However, in applications where the
lifetime is the most important property of a vibrational probe,
the -SeCN probes provide experimental windows that extend
well past 1 ns. In addition, the CN of the -SeCN probes is a
single local mode, whereas the metal carbonyls generally have
three or more IR-active modes because they contain three or
more CO moieties. W(CO)6 has only one IR-active mode, but
it is triply degenerate, which causes a number of
complications. Additionally, W(CO)6 has Raman-active
modes 32 and 136 cm−1 higher in energy than the IR-active
mode asymmetric stretch at 1935 cm−1, which enables rapid
transfer of the initial IR excitation of the asymmetric stretch to
one of the Raman-active modes.35

To give a feel for the considerations involved in the changes
in the vibrational lifetime going from simple to complex
solvents, a heuristic discussion of PhenylSeCN will be given,
as the necessary low-frequency modes that are directly
coupled to the CN stretch are known.63 There are three
relevant vibrational modes: the Se-CN stretch frequency at
523 cm−1, the Se−C−N in-plane bend at 390 cm−1, and the
Se−C−N out-of-plane bend at 349 cm−1. To conserve energy,
the CN stretch is annihilated, and enough intra- and
intermolecular modes must be created and annihilated to
equal the frequency of the CN stretch. Modes of the phenyl
ring will not be considered, as they will only be indirectly and
very weakly coupled to the CN via motions of the Se. As
several quanta of the modes given above can be excited, it is
necessary to reduce the frequency of higher quantum number
modes by the anharmonicities. As the anharmonicities are not
know, it is assumed that they are the same percentage of the
frequency as the anharmonicity of the CN stretch, 1.2%,
which is known from nonlinear experiments (see the
Supporting Information). In addition, the theoretically
calculated density of states of the continua of modes for
CCl4 and CHCl3 will be used.

44 The density of states of both
liquids rise steeply from zero frequency to broad maxima at
∼30 cm−1 and then have long tails to high frequency. The
CCl4 density of states goes to zero at ∼130 cm−1, and the
CHCl3 density of states goes to zero at ∼180 cm−1.

First consider the relaxation pathway of PhenylSeCN in
CCl4 (υCN = 2151 cm−1) in which the CN stretch is
annihilated and four quanta of the Se−CN stretch are created.
Taking the Se−CN stretch anharmonicity to be 6 cm−1, the
total energy in the four quanta is 2074 cm−1, leaving a deficit
of 77 cm−1. This energy is obtained by the creation of a mode
of the continuum of 77 cm−1, which is within the CCl4 density
of states. This is a sixth-order process, i.e., annihilation of the
CN stretch, and creation of 4 Se-CN stretches and one mode
of the continuum. When written out in detail, there are
anharmonic coupling constants, one annihilation operator, and
five creation operators.37 The 77 cm−1 continuum mode is at
∼40% of the peak of the density of states, a value of ∼0.0017
in the units of ref 44. If this same mechanism occurred in
CHCl3 (υCN = 2158 cm−1), an 84 cm−1 mode from the
continuum would be required, which in the density of states
also has a value of ∼0.0017. This would suggest that the
lifetime of PhenylSeCN would be about the same in both
CHCl3 and CCl4. The experimental results show that the
lifetime in CHCl3 is 10% faster than in CCl4. However, this
mechanism assumes that the coupling to the continuum
modes is the same in the two liquids. Because the natures of
the modes of the continuum of the two liquids are different, it
is unlikely the coupling constants will be the same. However,
qualitatively, this example shows how the lifetime can change
when going between two very similar liquids.
Let us consider two of the many other possible relaxation

pathways for PhenylSeCN in CCl4. The first is to create three
Se−CN stretches and two Se−C−N out-of-plane bends, with
an anharmonicity of 4 cm−1 for the latter. The combination of
these modes gives a total energy of 2251 cm−1. Therefore, a
100 cm−1 mode of the solvent continuum must be annihilated
to conserve energy. At room temperature, kBT is ∼200 cm−1,
so a 100 cm−1 mode will be populated. This is a seventh-order
process, i.e., five creations and two annihilations. In general, a
lower-order process is more favorable. Additionally, the
density of states at 100 cm−1 is very small, which makes it
likely that the sixth-order process considered above would be
preferred.
Another possibility is a sixth-order process where three Se−

CN stretches plus a 635 cm−1 intramolecular mode of CCl4
are created.44,64 This would require annihilation of a 41 cm−1

mode of the continuum, which is near (∼95%) the peak of the
density of states. In CHCl3, the intramolecular mode is found
at 667 cm−1, which requires a 66 cm−1 mode of the
continuum to be annihilated. This mode is found at only
∼73% of the density of states in CHCl3. If the couplings are
the same in both solvents, this pathway would make the
relaxation in CHCl3 slower than in CCl4 rather than the
experimentally observed 10% faster. Therefore, the coupling
to the intramolecular mode in CHCl3 would have to be
substantially larger to make this pathway viable.
The pathways described above are only examples of the

many possible pathways that could participate in the
vibrational relaxation process. They are intended to illustrate
the factors that come into play when considering changes in
vibrational lifetimes going from one solvent to another. Now,
we consider what happens when we compare different
vibrational probes, and use AnilineSeCN for this comparison.
First, we need to determine the relevant frequencies of the
modes that are coupled to the CN stretching mode. The
Hammett plot (Figure 3B) implies that the electron density
on the Se is significantly different for PhenylSeCN and
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AnilineSeCN in the solvents studied, and such a change is
expected to be correlated to a shift in the three low-frequency
modes of AnilineSeCN compared to PhenylSeCN.
To confirm this, the vibrational modes of PhenylSeCN and

AnilineSeCN were obtained by using DFT calculations (see
the Supporting Information). The calculations yielded a
frequency of 534 and 520 cm−1 for the Se−CN stretch of
PhenylSeCN and AnilineSeCN, respectively. In PhenylSeCN,
the calculation is only 2.1% higher than the experimental value
mentioned above. Additionally, like we did for PhenylSeCN,
the anharmonicity of the Se−CN stretch mode in
AnilineSeCN is assumed to be the same as in the CN stretch
(1.2% from nonlinear experiments; see the Supporting
Information). Therefore, assuming the same percent error in
the DFT calculation for both probe molecules, we obtain a
Se−CN frequency of 509 cm−1 with an anharmonicity of 6
cm−1 for AnilineSeCN.
AnilineSeCN’s lifetime decreases from 1235 to 908 ps in

going from CCl4 to CHCl3, a much larger percentage change
than seen for PhenylSeCN. In the first relaxation mechanism
discussed above, four Se−CN stretches and a 77 cm−1 mode
of the continuum are created to conserve energy in the CN
relaxation of PhenylSeCN in CCl4. In this case, the continuum
mode was in the tail of the density of states distribution.
Considering the same first relaxation mechanism for the CN
vibration in CCl4 (υCN = 2156 cm−1) of AnilineSeCN as for
PhenylSeCN, the annihilation of four Se−CN stretches
provides 2018 cm−1, leaving a deficit of 138 cm−1. However,
the density of states in CCl4 vanishes at 130 cm−1. Therefore,
the relaxation of AnilineSeCN’s CN stretch in CCl4, via this
mechanism, would likely require two modes of the solvent
continuum to conserve energy. This path would be seventh
order, which, as observed, would make the CN lifetime much
longer in AnilineSeCN than in PhenylSeCN. By contrast, in
CHCl3 (υCN = 2153 cm−1), a 135 cm−1 mode would be
required, which is within the available density of states (the
density of states vanishes at 180 cm−1). In this case, only one
mode of the continuum would be required, and the process
would become sixth order, likely resulting in a significantly
faster lifetime decay of AnilineSeCN in CHCl3 than in CCl4,
as observed. Again, there are many pathways that could
participate in the vibrational relaxation mechanism of these
probes, and this discussion is intended to highlight the type of
changes that can occur when the p-substituent in PhenylSeCN
changes.
It is possible that the reason for the -SeCN probes to have

such long lifetimes is that they have only three intramolecular
modes directly coupled to the CN stretch, all of which are
below ∼500 cm−1 and therefore result in high-order relaxation
processes. In contrast, W(CO)6 has 27 modes below ∼500
cm−1, which are directly coupled to the high-frequency triply
degenerate CO asymmetric stretch.44,64 These modes are
distributed over a wide range of frequencies such that if in
going from CCl4 to CHCl3 some of the 27 coupled modes can
combine with the 1215 cm−1 C−H bend, then the order of
the process could be reduced to fifth or even fourth order,
greatly speeding up the vibrational relaxation. This could
explain why W(CO)6 has a very large lifetime change in going
from CCl4 to CHCl3, whereas the small number of low-
frequency modes in the -SeCN molecules that are directly
coupled to the CN stretch makes such low-order relaxation
pathways unlikely. If the intramolecular high-frequency phenyl
ring modes of the -SeCN probes were coupled to the CN

stretch, the lifetime of these probes could be reduced greatly
by lowering the order of the relaxation pathway (likely the
reason benzonitrile has such a short lifetime). However, the
long -SeCN lifetimes strongly suggest that no such coupling
exists.
In complex solvents of mainly light atoms, the − SeCN

probes have lifetimes in the range ∼400 to 500 ps. In these
solvents, the continuum of intermolecular modes will extend
to higher frequency than in CCl4 and CHCl3, and there will
be more intramolecular solvent modes. These two factors
would be expected to speed up the CN stretch population
decay. However, there are still only 3 modes of the − SeCN
probes that are directly coupled to the CN stretch. This fact
suggests that even in more complex solvents, it is less likely to
have a very low order relaxation pathway with strong
couplings to produce a short lifetime. Therefore, it may be
the small number of intramolecular modes directly coupled to
the CN stretch that is responsible for the long lifetimes of the
− SeCN probes in complex liquids.

IIIC. Transition Dipole Strength Calculation. The
transition dipole strength of each probe was determined
relative to the transition dipole strength of phenyl
selenocyanate. The linear FT-IR, χ(1), and nonlinear PSPP,
χ(3), signal amplitudes are proportional to the molecular
transition dipole, |μ01|, by the following expressions:
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where C is the concentration of the probe and l is the path
length. Dividing χ(3) by χ(1), we obtain a signal amplitude
equal to |μ01|

2 for each probe, and all constants are eliminated.
All pump−probe signal amplitudes were obtained with
identical laser conditions to avoid introducing distortions in
the calculation due to changes in laser alignment or power.
Normalizing all values to PhenylSeCN, we obtain the square
of the transition dipole strength of each probe relative to that
of PhenylSeCN. The transition dipole strength of Phenyl-
SeCN was determined independently from its absorption
spectrum in a sample of known concentration according to
the following expressions:65,66
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where A is the absorption of the probe, C is the concentration
in units of mol/L, and l is the path length in units of cm. A
full description of these calculations is presented in the
Supporting Information, and the results are presented in Table
1. Equation 5 was also used to compute the molar extinction
coefficient (ε) of all probes at the absorbance maximum
frequency.
The disadvantage of the incorporation of a heavy atom in a

nitrile molecule is that it results in a decrease of the molecule’s
transition dipole strength. This effect is not observed in
alkynes and azides.24,25 For comparison, we measured the
transition dipole strength of BZN and obtained 0.0070 D2.
This value was in good agreement with a previous report of
the transition dipole strength for BZN.40 The transition dipole
strength of PhenylSeCN was found to be ∼2-fold smaller with
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0.0034 D2. Through resonance, the coupling of the CN
moiety and the phenyl ring in BZN causes a decrease in the
bond order of the nitrile, thus increasing its transition dipole
strength.59 On the other hand, the Se atom in PhenylSeCN
interrupts this resonance by decoupling the CN from the
phenyl ring, causing the nitrile to regain some triple-bond
character, thus decreasing its transition dipole strength.67

Acrylic AcidSeCN and IndoleSeCN have a transition dipole
strength of 0.0039 ± 0.0003 and 0.0034 ± 0.0003 D2,
respectively. Both AnilineSeCN and NorborneneSeCN have a
transition dipole strength of 0.0037 ± 0.0003 D2, and
NitroSeCN displayed a value of 0.0029 ± 0.0007 D2. The
molar extinction coefficients of all probes were found in the
range between ∼43 and ∼55 M−1 cm−1, except for
NitroSeCN with 30.5 M−1 cm−1. While the transition dipole
would be expected to also display a correlation with the
Hammett parameters, the measured values were within error
of each other, and no clear correlation was observed.
IIID. Stark Tuning Rate. The vibrational frequency of

nitriles is sensitive to the electrostatics of their local
environment, i.e., solvatochromism. In nitriles, this frequency
shift is described by the first-order vibrational Stark effect,
which has been shown to fully account for their
solvatochromic behavior.40 Analysis is performed by using
the Onsager reaction field model, which considers the probe
to be in a spherical cavity in the dielectric medium (i.e., the
solvent). Quantification of the local environment sensitivity is
achieved by calibrating the vibrational frequency of each
probe in a series of solvents with varying static dielectric
constant.8,40

Each probe was dissolved in a series of nonaromatic, non-
hydrogen-bonding solvents, and their FT-IR spectra were
collected. All spectra were background subtracted and fitted
with a Voigt function. Following the method outlined by
Levinson,42 the electric field projected by the solvent onto the
molecule is given by
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where μ⃗0 is the permanent dipole moment of the probe
molecule, ε0 is the permittivity of free space, a3 is the Onsager
cavity, which is related to the probe’s size and density, ε is the
static dielectric constant of the solvent, and n is the refractive
index of the probe. The probes’ absorption maxima were
plotted as a function of their Onsager factor (square brackets
term in eq 6). The slope of a linear fit to the data quantifies
the sensitivity of the vibrational transition to the dielectric
constant of the solvent.
The linear absorption spectra of the selenocyanate vibra-

tional probes in solvents of different dielectric constants are
presented in Figure 6. Nonaromatic and non-hydrogen-
bonding solvents were used to avoid inducing probe−solvent
interactions that influence the nitrile’s vibrational frequency in
ways that are not accounted for by the Stark effect. All probes
were sensitive to the electrostatic characteristics of the solvent,
and the vibrational transitions were shifted to higher
frequencies with decreasing solvent polarity. The absorption
spectra in the high-polarity regime were symmetric, while
those of more nonpolar solvents displayed asymmetry,
showing broadening of the low-frequency region of their
absorption spectra. These behaviors are consistent with
previously observed solvent-dependent vibrational shifts of

nitriles.40 The parametrization of all absorption spectra is
provided in the Supporting Information.
A plot of the Onsager factor (square brackets term in eq 6)

against the center frequency is shown in Figure 7. The

solubility of the new probes was poor in carbon tetrachloride,
cyclohexane, and hexane. Acrylic AcidSeCN and Norborne-
neSeCN were insoluble in most of the solvents used, and their
absorption spectra were only obtained in DMSO, DMF,
DCM, and CHCl3.
A comparison of the solvatochromic sensitivity (slope) of

the new selenocyanate probes to that of PhenylSeCN was
possible by shifting the data for each new probe by a vertical

Figure 6. Normalized linear absorption spectra of symmetric stretch
of nitrile moiety of selenocyanate probes in a series of non-hydrogen-
bonding liquid solvents. The vibrational frequency maximum shifts
from low to high frequency with decreasing solvent polarity. The
vibrational frequency shifts are determined by the first-order Stark
effect of nitriles.

Figure 7. Vibrational transition frequencies of the nitrile stretch of
selenocyanate probes as a function of Onsager factor (square
brackets term in eq 6). The data for all new selenocyanate structures
were vertically shifted to match that of phenyl selenocyanate at the
lowest Onsager factor to better highlight the similarity in sensitivity
to electrostatic environment among structures.
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offset to make its frequency at the lowest Onsager factor value
coincident with the PhenylSeCN frequency. A plot of the
original data is provided in the Supporting Information. It can
be seen that all absorption maxima for each probe trace the
behavior of PhenylSeCN as a function of the Onsager factor
reasonably well. Following the procedure outlined by
Levinson et al., a linear fit was performed on the PhenylSeCN
data to quantify its sensitivity to local electrostatics.40 The
slope of the Onsager plot for PhenylSeCN is 7.21 ± 1.38. For
comparison, Levinson reported an Onsager plot slope of 4.9
for BZN using the same solvent systems.40 It was not possible
to calculate the Stark tuning rate of the new vibrational
probes, as this property depends on additional and currently
unavailable information, such as the probe’s density and
permanent dipole moment (see eq 6). Previously, however,
the Stark tuning rate of PhenylSeCN was found to be 12.3 ±
2.4 cm−1/(GV/m).26 BZN has a Stark tuning rate of 5.7
cm−1/(GV/m), while typical values for Stark tuning rates of
nitriles range between 4 and 7 cm−1/(GV/m).40 It can be
seen that the presence of the selenium atom causes an
increase in the sensitivity to local environment electrostatics
compared to other nitrile vibrational probes. Our results
(Figure 7) show that the nitrile stretch vibrations of the new
selenocyanate probes have identical sensitivity to local
electrostatics as PhenylSeCN and should be expected to
have similarly large Stark tuning rates.

IV. SYNTHESIS OF THE VIBRATIONAL PROBES
The five new probe molecules were synthesized by using
modifications of methods that are available in the
literature.45,46,68 Here, only the schemes of the synthesis for
each probe are presented (Schemes 1−5). Complete details of
the synthesis of each probe are given in the Supporting
Information. The synthetic procedures contain all necessary
information to allow synthesis of the desired probe. In
addition, complete 13C and 1H NMR characterizations, which
confirm that the appropriate probe structure was produced by
the synthetic procedure, are given in the Supporting
Information.

V. CONCLUSIONS
We presented the synthesis of five novel selenocyanate
vibrational probe molecules and characterized their vibrational
frequencies, excited state lifetimes, transition dipole strengths,
and local environment sensitivities. The reporting moiety is
the CN stretch. These novel structures were found to have
long-lived vibrational first excited states in the range between
377 and 457 ps in DMF. To our knowledge, no previous
vibrational probes have as long a lifetime at room temperature
in complex solvents. In addition, one of the probes has a
lifetime of 1235 ps in the simple solvent, CCl4, which is the
longest vibrational lifetime reported in a room temperature
liquid. The long vibrational lifetimes result from the
incorporation of a selenium atom between the nitrile and
the rest of the structure, which is known to cause retardation
of vibrational relaxation. Comparison to previously measured
lifetimes of benzonitrile in other non-hydrogen-bonding
systems indicates that selenium increases the vibrational
lifetime by ∼67-fold. A heuristic discussion is provided to
explain the reasons for the long lifetimes in these -SeCN
probes. Incorporation of the selenium atom also causes ∼2-

Scheme 1. Synthesis of 3-Indole Selenocyanate

Scheme 2. Synthesis of p-Aniline Selenocyanate

Scheme 3. Synthesis of (Z)-3-(4-
Selenocyanatophenylcarbamoyl)acrylic Acid

Scheme 4. Synthesis of Norbornene Dicarboximide−Phenyl
Selenocyanate

Scheme 5. Synthesis of p-Nitrophenyl Selenocyanate
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fold decrease of the transition dipole strength to an average of
3.6 × 10−3 D2. Because the commercially available probe,
PhenylSeCN, has successfully been used in the past to study
vibrational dynamics by using IR nonlinear experiments,5,69

we conclude that this decrease in transition dipole strength is
not experimentally prohibitive.
The local environment sensitivity of the probes results from

solvatochromic vibrational frequency shifts caused by the
electrostatics of their immediate environment. All new
structures were observed to have identical solvatochromic
behavior as PhenylSeCN. It was not possible to calculate a
Stark tuning rate, but our results suggest that all new probes
should have an STR comparable to that of PhenylSeCN (12.3
± 2.4 cm−1/(GV/m)). This STR represents an ∼2-fold
increase in local environment sensitivity compared to other
nitrile vibrational probes.
Long-lived vibrational probes are essential for the study of

structurally complex chemical systems with slow molecular
dynamics, such as polymers and biological model membranes.
The probes were observed to be essentially insoluble in water.
For systems such as vesicles, they would be useful for studying
the interiors of their organic leaflets31 and how interior
dynamics and interactions are influenced by e.g., the addition
of transmembrane proteins.
These probes provide a significant increase in the

vibrational lifetime and sensitivity to local electrostatics.
Because the solvatochromic behavior and dipole strengths
were indistinguishable among the new -SeCN probes, their
relative usefulness for a specific application should be judged
based on the chemical structure and vibrational lifetime. Some
of the probes can be chemically bound to other species, which
will enhance their utility.
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