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By strategic design and synthesis of a new series of phosphonium salts (compounds 1-7[OTf]), where
[OTf]™ stands for the trifluoromethanesulfonate anion, we performed comprehensive spectroscopic and
dynamic studies on the photoinduced anion migration in toluene. Our aim is to probe if the anion
migration is associated with an intrinsic barrier or is barrier-free. After the occurrence of excited-state
intramolecular charge transfer (ESICT) in 1-7, the charge redistribution of the cation triggers the
translocation of the counter anion [OTf]™, resulting in emission spectral temporal evolution. As a result,
we describe the photoinduced anion migration by introducing spectral response function C(t), a concept
adopted from the solvent diffusional relaxation. The experimental results indicate that the anion

Received 17th July 2024 migration lacks an intrinsic barrier, i.e., the relaxation dynamics can be described by a biased Brownian
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motion along the charge transfer direction. The experimental findings are also qualitatively supported by

DOI: 10.1035/d4sc04738a theoretical calculations including restrained electrostatic potential (RESP) and hole—electron distribution
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Introduction

Rational design of molecular machines that can accomplish
sophisticated work in the nano-micro scale is always a chal-
lenge. On the one hand, bionic machines that mimic biological
systems have been one research direction.™” Specific stimulus—
response behavior is conferred on them by their unique struc-
tural complexity. However, biological machines encounter
instability and potential invalidation upon detachment from
organisms.*>* On the other hand, artificial molecular machines
provide a solution to these limitations. Over 50 years of devel-
opment,’ the well-established artificial molecular machines, for
example, rotaxanes, have operated under various conditions
such as in organic solvents® and polymer solutions,” on elec-
trode surfaces,® or even in the solid state.® In light of the
versatile operation environment, a great deal of applications
have emerged.**™*

Fundamentally, how the motion of molecular machines is
controlled is always of top interest. In solution, the motion of
molecules is complicated by the Brownian motion, so the

“Department of Chemistry, National Taiwan University, Taipei, 10617 Taiwan,
Republic of China. E-mail: chop@ntu.edu.tw

*Department of Chemistry, University of Eastern Finland, Yliopistokatu 7, 80101
Joensuu, Finland. E-mail: igor.koshevoy@uef.fi; andrei.beliaev@uef.fi

‘Department of Chemistry/Nanoscience Center, University of Jyviskyld, Survontie 9C,
40014 Jyvdskyld, Finland. E-mail: andrei.a.beliaev@jyu.fi

T Electronic supplementary information (ESI) available. CCDC 2366427. For ESI
and crystallographic data in CIF or other electronic format see DOIL
https://doi.org/10.1039/d4sc04738a

© 2024 The Author(s). Published by the Royal Society of Chemistry

imposition of a bias to change random mobility into a direc-
tional motion is a key.>'>'® In view of chemistry, how to break
the equilibrium and make the given elementary reaction step
move forward are pivotal. Take the rotaxane molecular shuttle
as an example, which comprises a thread with two stoppers on
the two sides and an interlocked macrocycle binding to one of
the stations along the thread.'”'® To extract effective work, the
macrocycle in the stimuli-responsive molecular shuttles travels
between two stations in response to external stimuli upon
modifying the binding affinity of one of the stations. Aside from
this, if the macrocycle originally accumulates at one of the
identical stations and a compartment blocks the macrocycle
shuttling between these two, once removing the barrier, the
statistically unstable state would prompt the macrocycle to
redistribute, and the overall reaction basically becomes irre-
versible.”>'® Both types of molecular shuttles relax from an
unbalanced state into a stable one and perform monodirec-
tional motion. After harnessing the direction of molecular
shuttles, the following dynamic study on them is necessary. In
this regard, steady-state absorption spectra," NMR spectra,*
cyclic voltammetry,®® transient infrared** or UV-vis”** absorp-
tion spectra were adopted to monitor the conformation varia-
tion. For example, the hydrogen-bonded (H-bonded) molecular
shuttles are a popular paradigm for quantifying the shuttle rate
of a macrocycle by the time trace of a characteristic vibrational
frequency shift** or time-resolved transient absorption
feature.?

In 2019, our team initiated a seminal study associated with
photoinduced anion migration of a series of D-7-A" (anion)~
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push-pull systems (see Scheme 1),>2° where the electron
acceptor is originally positively charged. In medium and high
polar solvents, the salts exist as isolated ions with solvent shells
surrounding the individual ions. In this scenario, excited-state
intramolecular charge transfer (ESICT) shifts the electron
density from the donor to the acceptor, altering the charge
distribution. Fast solvent relaxation then takes place to stabilize
the charge transfer state. In weakly polar solvents such as
toluene or 1,4-dioxane, however, ion pairs are preferably formed
due to poor solvent-solute interaction. Therefore, the role of
stabilization switches from the surrounding solvent molecules
to the counter anion. After ESICT, the positively charged
acceptor receives the negative charge from the donor. The net
result is to alleviate the coulombic interaction within the ion
pair and allow the anion to translocate toward the donor site
that becomes positively charged, in part, after ESICT. In the
end, we achieve a directional anion shuttle from the electron
acceptor to the donor site. Such an anion migration has been
reported to be significantly slower than that of solvent relaxa-
tion. Therefore, broad and even multiple emissions can be
observed along the time constant of anion migration. Upon
relaxation to the ground state, an opposite directional shuttle
should take place, achieving a reversible cycle of light induced
anion migration (see Scheme 1). Ultimately, effective work in
the excited state can only be extracted if the population decay
lifetime is longer than the translocation time.” Tuning the
excited state lifetime is thus crucial for future applications of
these molecular machines, which is not the focus of this study.
Upon establishing the anion migration mechanism, a crucial
issue lies in the kinetics of anion migration. It would be of both
interest and importance to know whether such an anion
translocation is a mass transport process, or a process related to
an intrinsic, ie., a non-viscosity-induced, barrier. Also, if
a barrier exists, could it be dependent on molecular structure,
incorporating either the electron donor, the acceptor or even
the bridge configuration? Aimed at answering these questions,
in this study, we designed and synthesized a series of phos-
phonium triflate salts featuring certain electronic and struc-
tural modifications (Scheme 2). In view of chemical structure,
we divide them into three groups. Group A involves the variation
of the electron-donating properties of the amine fragment,
while in group B the effect of the acceptor strength is probed. In
group C, we alter the structure of the bridge to tune the dihedral
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Scheme 1 The proposed photoinduced charge transfer associated
with counter anion migration in weakly polar solvents.
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Scheme 2 General synthetic approach to phosphonium salts 1-7
[OTf] and their structure. Inset of group B shows the molecular view of
5[Br] obtained by SC-XRD. Thermal ellipsoids are shown at the 50%
probability level.

angle within the biphenyl group by introducing a planarity-
restricting substituent or ring closure. To simplify the
approach, all D-w-A" compounds are anchored with the same
counter anion [OTf] (trifluoromethanesulfonate),* yielding
compounds 1[OTf] to 7[OTf]. Although we have studied 2[OTf]
in 2019,” to ensure the completeness of the discussion
regarding D/A electronic properties of these salts, we also
include 2[OTf] in the results for the later discussion. Our
previous studies of time-resolved emission spectra (TRES) of 2
[OTf] have unveiled the continuous spectral temporal evolution
of emission bands, but have not yet quantified the trend of
translocation dynamics. Inspired by the similar red-shifted
behavior in spectra caused by the solvent relaxation, we
employ the spectral response function C(t), which is generally
applied in solvatochromism studies, to extract valuable infor-
mation regarding the dynamics of anion migration. To probe
C(t), we perform comprehensive time-resolved analyses,
focusing on the anion translocation rate, which is viscosity-
dependent and temperature-dependent. The comprehensive
experimental work, together with the computational approach
on the electrostatic potential, lead us to conclude that the rate
of photoinduced anion migration in 1-7 can be described as an
ion-mobility dependent mass transport process® caused by the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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change of the electric field. Details of results and discussion are
elaborated in the following sections.

Results and discussion
Synthesis and characterization

Phosphonium salts 1-7[OTf] were synthesized via an NiBr,-
catalyzed coupling arylation reaction between PPh; or PCy; and
the corresponding donor-functionalized biphenyl bromide,
followed by counterion metathesis with potassium triflate salt
in dichloromethane (for more details, see the ESI{).* All the
phosphonium species were isolated in good yields (59-90%).
The composition of the products was confirmed by *'P, **C and
"H NMR spectra, which are compatible with the proposed
structures and the presence of single species for each
compound. The phosphorus resonances in CD,Cl, appear in
the narrow range of 23.3-23.8 ppm for 1-4, 6-7[OTf], and
29.9 ppm for 5[X] (X = Br, OTf). These chemical shifts are typical
for other acyclic phosphonium compounds, which also reflect
the accepting power of the cationic fragment.

The molecular structure of 5[Br] was elucidated by SC-XRD
analysis (Scheme 2 and Table S1f). The organic cation
contains a twisted biphenyl fragment (torsion angle equals
21.4°), decorated by the diphenyl amine group and the phos-
phorus atom with nearly ideal tetrahedral geometry (£ C-P-C
angles are between 107.8 and 108.6°, C-P bond lengths are
1.765-1.796 A). The molecule represents a contact ion pair as
a result of electrostatic attraction supported by a network of
hydrogen bonds involving cyclohexyl fragments and Br coun-
terions (H---Br distances fall in the range of 2.41-3.06 A).

Photophysical steady-state spectroscopy

Fig. 1 shows the absorption and emission spectra of the studied
salts in toluene, while those measured in other solvents are
depicted in Fig. S2.1 All pertinent steady-state data are listed in
Tables 1 and S2.7 In polar aprotic solvents (chloroform,
dichloromethane, acetonitrile), the lowest lying absorption
band undergoes a hypsochromic shift with increasing polarity.
This phenomenon has been well-documented in numerous
reports®*~” and is due to a larger dipole moment in the ground
than that of the Franck-Condon excited state. The ESICT

1011
/\N—T oluene

3[0Tn
— Toluene

5[0T1]
——Toluene

6[OTf]
—— Toluene

4[0T1]
——Toluene

71071
—— Toluene

Normalized absorption (a.u.)
Normalized emission Intensity (a.u.)
Normalized absorption (a.u.)
Normalized emission Intensity (a.u.)

Wavelength (nm) Wavelength (nm)

Fig. 1 The steady-state spectra of salts 1{OTf], 3—7[OTf] in toluene.
Absorption and emission spectra are depicted in dashed and solid
lines, respectively.
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properties of 1-7 are manifested by the structureless and
polarity-sensitive emission bands in terms of peak wavelength.
This assignment is also supported by the hole-electron anal-
ysis,*® where hole and electron distributions are separated and
located at the electron donor and acceptor (the phosphonium
group), respectively (Fig. S14-S15 and Tables S10-S11%). In
medium and strong polar solvents, the emission spectra of 1-7
exhibit a bathochromic shift upon increasing the solvent
polarity (see Fig. S27).

In weakly polar solvents such as toluene, all studied
compounds show broad emission profiles composed of at least
two components (see Fig. 1). For the convenience of discussion,
as for the dual emission, the short- and long-wavelength emis-
sions are assigned to the F; and F, bands, respectively. The
high-energy F; band specifies the emission of the species where
the anion stays near the phosphonium acceptor. Meanwhile,
low-energy F, corresponds to the state formed by the anion
migration from the phosphonium group to the donor. Later, we
will show that this process is driven by the change of electro-
static potential arising from the charge transfer in the excited
state, leading to the system stabilization (vide infra).

Time-resolved spectroscopy

We then focus on the dynamics of the anion migration in
toluene, where this phenomenon is associated with the
temporal spectral evolution from short-(F,) to long-(F,) wave-
length. The wavelength-variable fluorescence time trace was
measured by the time-correlated single photon counting
(TCSPC). Our current setup of TCSPC incorporates a 120 fs Ti-
sapphire laser and microchannel plates, giving a time resolu-
tion of around 15-20 ps. This response time is short enough to
resolve the anion translocation processes, which have been re-
ported to be within a time constant of several hundred
picoseconds.**¢ TCSPC, though having a longer response time
than that of the fluorescence up-conversion technique currently
available in our lab, provides stable spectral measurements due
to the weak excitation intensity and low noise level.

To obtain meaningful time-resolved emission spectra, we
employed the method described in the literature,** where the
spectra at various delay times were plotted with the area of each
spectrum normalized to a constant value. Please see the ESI for
details.T As shown in Fig. 2(a), upon excitation at the absorption
peak, in toluene these compounds initially exhibit prominent
emissions maximized at ~460 (2[OT{]), 485 (3[OTf]) and 430 nm
(4[OTHA]). As the time evolves, the signals gradually red shift and
eventually appear as new bands centered at ~580, 630 and
525 nm, respectively. Note that the spectra are plotted under the
condition that area of entire spectrum is normalized to
a constant value. Similar type of plotting methodology has been
reported.” Throughout the whole spectral evolution, the
absence of definite iso-emissive point indicates the existence of
more than two emitting species. Similar phenomena are
observed for 5-7[OTf] (see Fig. S5(a)f). In other words, the
results should be described more specifically by the continuous
spectral evolution rather than interconversion of two
species.”*?® Due to the continuous character of the changes in

Chem. Sci., 2024, 15, 20045-20055 | 20047
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Table 1 Photophysical properties of 1-7[OTf] in toluene (298 K)¢
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Computational Experimental

Aabs (M) Aem (nm) HOMO/LUMO (eV) Aabs (nm) Aem (nm) Stokes shift (cm ™) PLQY
1[OTA] 353 399 —7.28/-2.31 371 438, 540 8436 0.14
2[OTf] 363 435 —7.12/-2.20 383 475, 587 9074 0.17
3[OTf] 379 456 —6.96/—2.35 391 493, 619 9420 0.16
4{OTf] 330 403 —7.45/-2.31 341 429, 475, 532 10529 0.59
5[OTf] 359 428 —7.11/-2.02 370 450, 516 7647 0.91
6[OTf] 348 420 —7.11/-2.15 363 455, 573 10096 0.40
7[OTAf] 380 439 —7.08/—2.35 397 464, 566 7521 0.49

“ Aabs and Ae, are absorption and emission peak wavelengths, respectively, accessed by computational calculations and steady-state spectroscopies.
The calculations including the HOMO/LUMO level are based on DFT/TDDFT with M06-2x/6-31G+(d,p).**** The experimental A, is given by
Gaussian function deconvolution (Fig. S3). The Stokes shift is defined by the difference between the absorption and longest emission peak in
terms of frequency. PLQY is the photoluminescence quantum yield. For details of derivation of PLQY, please see the ESI.

time, it is therefore not possible to have a single exponential
decay in the early dynamics for a given emission wavelength.
Nevertheless, in a qualitative manner, upon monitoring the
intensity at the peak of the F, band and fitting the rise
component with a single exponential function, we obtain a rise
time constant in the order of 1[OTf] < 2[OTf] < 3[OT{] < 4[OTf]
for group A, 2[OTf] < 5[OTf] for group B and 6[OTf] < 2[OTf] < 7
[OTf] for group C (see Table 2). These trends are consistent with
the prediction that increasing electron donor or acceptor
strength will enhance the positive charge to localize at the
donor site, hence reducing the time constant of the anion
migration, i.e., accelerating the anion translocation (vide infra).

(a)

The observation of continuous spectral evolution of anion
translocation reflects the general relaxation mechanism of polar
solvents in the presence of emitters with charge transfer char-
acter. In such systems, electronic excitation changes the dipole
moment with respect to the ground state in terms of magnitude
and direction. Following this, the surrounding solvent mole-
cules reorient their dipoles, thereby stabilizing the charge-
transfer state. This solvent rearrangement also destabilizes
the hot ground state formed upon vertical Franck-Condon
transition. Therefore, the time-resolved Stokes shifted emission
during the solvent relaxation can be described by the spectral
response function C(t) expressed in eqn (1) (ref. 42-50)

= 3 20 3 20
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Fig. 2 (a) Time-resolved emission spectra of 2[OTf],3° 3[OTf], and 4[OTf]. Note that the spectra are plotted under the condition that the area of

the entire spectrum is normalized to a constant value. A similar type of plotting methodology has been reported in ref. 41. (b) Spectral response

functions C(t) of 2[OTf], 3[OTf], and 4[OTf] in toluene.
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Table 2 Time-resolved parameters of 1-7[OTf] in toluene (298 K)¢
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7, (ps) at F1

Ty (pS) at F2 Ttrans(PS)

1[OTH] 440 nm: 30 (0.82), 268 (0.18)

2[OTf] 430 nm: 150 (0.73), 660 (0.27)

3[OTH] 440 nm: 24 (0.85), 583 (0.15)

4[OTH] 430 nm: 59 (0.64), 524 (0.34), 4741 (~0)
5[0T] 430 nm: 840 (0.65), 3165 (0.35)

6[OTH] 430 nm: 51 (0.58), 388 (0.42), 4300 (~0)
7[0T] 430 nm: 376 (0.96), 2751 (0.04)

650 nm: 83 (—0.40), 1035 (0.60) ~80 (from TCSPC)
650 nm: 298 (—0.45), 3807 (0.55) 258

660 nm: 378 (—0.45), 1587 (0.55) 546

650 nm: 519 (—0.43), 5906 (0.57) 897

650 nm: 931 (—0.49), 3415 (0.51) 1324

650 nm: 288 (—0.48), 4266 (0.52) 172

650 nm: 395 (—0.50), 3874 (0.50) 467

“ 1, and 1, are the time constant measured by the TCSPC method. ty.ns represents the decay time constant obtained by the spectral response
function C(¢). The value in parentheses is the pre-exponential factor from the lifetime fitting, and negative values indicate a rise component.

v(1) —v()

@) = 2(0) (%) (1)
where »(0) represents the frequency of the initial emission peak,
y(t) is the emission at any given time during the process, and
() denotes the equilibrium emission peak.

Eqn (1) directly relates to the time evolution of the solvation
free energy or solvent configuration in the vicinity of the ESICT
molecule and is applicable to a variety of conditions.*** The
simplest model to describe the rotating solvent dipoles is the
Debye-Onsager model,** where the C(f) function becomes
a single exponential function with a decay time constant called
the solvent longitudinal relaxation time. Alternatively, for
a more sophisticated model to approach reality, the C(¢) is non-
exponential. An average relaxation time can be applied for the
discussion, which is the value deduced by the integration of the
C(t).** These two values are used interchangeably, showing the
same trend in the data interpretation.

Note that the above treatment requires solvent relaxation as
the sole contribution to the entire relaxation process.**** Due to
the m-linkage between the donor and acceptor, the charge
transfer of 1-7 should be ascribed to an adiabatic type, ie.,
a type of optical electron transfer. Hence the rate of charge
transfer for 1-7 should be ultrafast (fs), which can be decoupled
from the solvent relaxation (ps), fulfilling the criterion for eqn
(1) In a polar solvent (e.g., CH,Cl,), eqn (1) should be appli-
cable to the title compounds 1-7[OTf]. Support of this viewpoint
is given by the fluorescence up-conversion measurement of e.g.,
3[OTf], where the spectral response function C(t) is depicted in
Fig. S12,1 with a longitudinal relaxation time fitted to be 1.24 ps,
which is consistent with the reported value (1.02 ps).*

Differently, instead of solvent stabilization, here, we are
dealing with the anion migration stabilizing cation chromophore
after ESICT in the weakly polar solvent. Nevertheless, the
resulting C(¢) (see Fig. 2) is still a single exponential-like decay.
We thus propose that C(¢{) may be applicable to the [OTf]”
translocation. In other words, the time resolved Stokes shift
during the anion translocation is similar to that of the solvent
relaxation except that the temporal spectral evolution is much
slower due to its translational type of motion. In a qualitative
manner, we thus fit the resulting C(¢) by a single exponential
decay function to extract the time constant. Note that a similar
approach has been applied in theoretical studies on the solvation

© 2024 The Author(s). Published by the Royal Society of Chemistry

of the ion atmosphere (electrolyte solution)®® and time-
dependent Stokes shift experiments in ionic liquids.*” For most
studied compounds in toluene, we deconvoluted the temporal
emission spectra with two Gaussian functions and used the
lower energy emission peak as »(¢), and the longest wavelength
emission peak in the steady-state emission spectrum was taken
as (). In this approach v(0) is selected when the emergence of
a spectral variation from F, to F, band is observed. Please see the
ESIf for details of the fitting process. As a result, single expo-
nential decay of C(¢) is observed for all studied compounds in
toluene (see Fig. 2(b) for 2[OTf], 3[0Tf] and 4[OTf] and Fig. S5(b)T
for the remaining compounds). The fitted decay time constants
are listed in Table 2. Clearly, the resulting time constants Tisang
are nearly parallel with those for rise components in the early
dynamics obtained from the decay of emission monitored at
a single wavelength (Table 2) with a single exponential decay fit.
However, as mentioned, C(¢t) is endowed with a more convincing
physical meaning. Moreover, the standard deviation of the single
exponential decay using C(¢) is smaller (¢f: the decay at a selected
emission wavelength). Hereafter, the time constant extracted
from C(¢) is used to represent the translocation, denoted as Tians-

We next performed temperature dependent C(t) measure-
ments to probe if the process of anion translocation was asso-
ciated with any energy barrier. In this approach, maintaining
the viscosity during the measurement is crucial; otherwise,
mixing “reaction barriers” and “viscosity mechanics barriers”
will make data extraction too complex and unconvincing. To
solve this hurdle, we employed a selection of weak polar
solvents such as toluene, ethylbenzene, n-propylbenzene,
cumene, and sec-butylbenzene at different temperatures. We
have found that these weakly polar solvents have a minor effect
on the emission peak wavelengths for the studied salts, and
only alter the emission intensity ratio of F,/F, due to different
viscosities (Fig. S41). We can thus achieve time traces of equal
viscosity at different temperatures in corresponding solvents.>
For example, at room temperature, we use n-propylbenzene as
a solvent, while toluene is used as a solvent for the measure-
ment at 267 K, etc. During the measurement, the viscosity was
maintained between 0.84 and 0.86 centipoise (Table S9t). A
detailed result of the temperature-dependent study using 3[OTf]
as the prototype is shown in Fig. S11.f We then applied the
Arrhenius equation (eqn (2)) to extract the “activation energy”
E,.
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E,
~RT (2)

In(k) = —In(Tyans) = In(v)
where k is the rate of anion translocation, which is inverse of
Teansy R 1S the gas constant, T is the absolute temperature in
Kelvin, and v is the frequency factor. The plot shown in Fig. 3(a)
gives an E, value of 1.8 kcal mol " and a frequency factor of 10*°
s~'. The shallow barrier observed in 3[OTf], within experimental
uncertainty, could be considered the same as the viscosity
barrier reported for toluene of 2.2 kcal mol " (Fig. S131).%* The
result suggests that, due to the diminished Coulomb interac-
tion between the anion and the phosphonium acceptor in the
excited state, the resistance of anion migration primarily comes
from the surrounding solvents. Moreover, the low-frequency
factor indicates that anion migration occurs via an intermo-
lecular process between the anion and cation.* As a result, we
deem the anion of the studied phosphonium salts essentially
undergoes a barrierless motion, which gradually relaxes into
a new form of ion pairs, i.e., a different binding site, after
ESICT.

Further support of the above viewpoint is given by the study
of viscosity-translocation rate relationships for 3-7[OTf] in
weakly polar solvents at a constant temperature. This experi-
ment was done by performing C(f) measurement in toluene,
ethylbenzene, n-propylbenzene, cumene, and sec-butylbenzene,
which have similar polarities but different viscosities at room
temperature (vide supra). As a result, the viscosity dependent
rates extracted from C(¢) are listed in Fig. S6(a)-S10(a).t The
obtained translocation rates are then fitted according to an
empirical relation expressed in eqn (3) (ref. 7 and 56)

In(k) = —aln(n) + b (3)

where b is a viscosity-independent constant, 7 is the viscosity in
centipoise (cP), and a is a characteristic factor that exhibits the
correlation between translocation rate and viscosity, which is
commonly in the range of 0-1. In theory, if there is no intrinsic
barrier for the reaction, a is ~1. As the intrinsic barrier
increases, a decreases from 1 approaching 0.”°7*® The plot of
eqn (3) for 3[OTf] is shown in Fig. 3(b), while the results for
other salts are presented in Fig. S7(b)-S10(b).T The plots all
reveal a linear relationship with an a value of ~1. We reaffirm
that the anion translocation process primarily encounters

(a) (b)
s Rate-Viscosity correlation
211 ate-!
Ar:her;lau(zplol of 3[OTf] 23] In(k) = -an(n)+b &
= 3[0Tf] data

21.0 fitting 53] fitting
= 209 £ 214
£ =
= 208 575

20.7 2094

206 2084

00033 00034 0.0035 0.003 0.0037 00038 69 70 71 72 73 74 75
IT (1K) -n (n)
Fig. 3 (a) The plot of Ink, where k is the translocation rate, of 3[OTf]

anion migration as a function of 1/T. (b) The plot of In k of 3[OTf] anion
migration as a function of —lnn where 7 is the viscosity.
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friction from the surrounding solvents instead of the intrinsic
barrier.

The slow anion translocation rate (tyans > 100 ps) leads us to
conclude that the anion migration mainly involves translational
motion,*>* rather than the rotational diffusion that is domi-
nant in the polar solvents. We then attempt to support the time
domain of the anion migration with an anion drift model
shown in Fig. 4 (see the explanation below).®® The following
equation is used to calculate the traveling time 7., required for
an anion to arrive at the donor site

L

ux |E.

(4)

Teale =

where L is the traveling distance of the anion. For 3[OTf] as an
example, we define L as the distance between the phosphorus
(orange) atom and nitrogen (blue) atom (see Fig. 4) which is
calculated to be 10.3 A. |E,| is the magnitude of electric field
built due to the charge transfer between the acceptor and donor
moiety along the z-axis direction; « is the mobility of [OTf]” and
can be approximated based on Stokes' law (eqn (5))°*

q

"= 6Ty (5)
where g is the charge of mono-anion [OTf] ", 7 is the viscosity of
the surroundings (for example, toluene: 0.596 cP at 298 K, see
Table S91), and r is the radius of the anion ([OTf] : 2.48 A
(ref. 23)). It is worth mentioning that the Stokes-Einstein rela-
tion may not be valid when the interaction between the solute
(here cations) and the solvent (here anions) is significant®
owing to the ion pair formation. However, for translocation
along the two terminal sites, the linear distance of 1-7 cationic
backbones is evidently longer than that of [OTf] ; therefore, our
current fitted model provides acceptable results in a qualitative
manner.

For 3[OTf] and other phosphonium salts, the charge transfer
cannot be 100% efficient, and the donor apparently acquires
only a partial positive charge. In addition, neither an electron
donor nor acceptor moiety is the point source of charge. To
extract the effect of charge transfer, we then calculate the
coulombic force exerted on the counter anion [OTf] , where

1 J‘\ 1"\:\ >

14 ‘j" e '

y 9@ @7 e d__ TP - |Ez|

1 A}J ‘_‘_‘_--——“l,‘— =

! *011' DB YD —> g ’
4 a4 -39 ®

B g B J*A' o S

19 J‘J L~ z P,

1 -1 9

1 J‘eJ -fj !

—__22_

Fig. 4 Anion drift model used to calculate the traveling time of the
anion to reach the donor. The time 1., required for the process is
calculated by dividing the distance L from the phosphorus (orange)
atom to the nitrogen (blue) atom by the product of the mobility u of
the anion and the electric field |E,| along the z-axis between the donor
and acceptor. For partial charge transfer cases (e.g., 3[OTf]), |E;| can be
calculated using the restrained electrostatic potential (RESP) method
on the S; state (see text for details).
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Fig. 5 Electrostatic potential (ESP) maps of the cations in group A calculated by the restrained electrostatic potential (RESP) method. The
calculations are performed via Multiwfn program. We exhibit the net Coulomb interaction between the anion and donor moiety. The result will
serve as an indicator of the degree of positive charge localization at the donor. (See the model in Fig. S187).

each atom of the donor group has partial positive charge after
ESICT, hence the sum of all the forces can be created. The
atomic charge of each atom can be obtained by using the
method of restrained electrostatic potential (RESP)**** viag the
Multiwfn program,® where the calculation is performed under
the geometry optimization of both ground (S,) and relaxed
excited states (S;) without the anion using density functional
theory (DFT) and time-dependent density functional theory
(TDDFT), respectively (see ESIt). Fig. 5 depicts the calculated
electrostatic potential (ESP) maps of cationic molecules 1-4
without anions and the results for the remaining studied
molecules are shown in Fig. S16-S17.+

We next make the comparison between the experimentally
resolved data Tyans based on C(¢) and the theoretically derived
Teale from eqn (4) where |E,| is obtained from the RESP method
on the S/l state. For the case of 3[OTf], 7. is derived to be 197
ps, which, in terms of magnitude, is close to the experimental
result of t¢..ns Of 546 ps (see Fig. 2). In this theoretical approach,
we overlook the overall charge distribution of the cation back-
bone after ESICT. Also, the Brownian motion cannot be simply
described along the distance between the electron donor and
acceptor. In other words, the calculated distance of 10.3 A
should be treated as a lower limit for distance, and the actual
zigzag migration distance could be longer. Nevertheless, this
simplified model provides an adequate magnitude of time scale
for the photoinduced anion migration of the studied phos-
phonium salts.

Relation of donor-acceptor strength

Table 1 lists the calculated absorption and emission wave-
lengths of the studied compounds in toluene. The calculated
values are consistent with the trend of the experimental data,
giving us confidence in the use of HOMO/LUMO energy levels in
discussing the corresponding donor/acceptor strength to the
trend of anion migration rate. In theory, the HOMO with
a higher energy level is expected to have stronger electron
donating strength, which is calculated to be in the order of
2(NPh,)~3(N(t-BuPh),) > 1 (NMe,) > 4(carbazole) for group A
(see Table 1). The calculated donor strength of 4 is obviously the

© 2024 The Author(s). Published by the Royal Society of Chemistry

weakest one in group A, which is consistent with the longest
Teans (Table 2) experimentally measured. However, the donor
strength of 1 should be at the third place, whereas its experi-
mental 705 is the shortest in group A. This discrepancy can be
rationalized by the structure versus electrostatic potential
(Fig. 5). We may overlook the -electron donating strength,”*®
which involves orbital coupling between the electron donor and
m-conjugated system. This coupling is weakened by simply
increasing the dihedral angle between them. To examine the
influence of dihedral angle on the 7-electron donor strength, we
then optimize both the structure of cations without anions in
the S, state and S, state. We then define the dihedral angle
between the donor plane and biphenyl bridge as 6,, and the
dihedral angle of the biphenyl group as 6, (see Table 3).

As shown in Table 3, after electron excitation, the cation
backbone of groups A and B generally exhibits an increase in 6,
from ~30° to ~40° and a decrease in , from ~30° to ~10°.5°72
However, phosphonium 1 shows a distinct difference. Even
after ESICT, 1 maintains ¢, at 0°. This implies that the dimethyl
amino group should be a stronger m-electron donor, which

Table 3 Dihedral angle of the cation of the phosphonium salts in

toluene

i O

/ 6 6,

So S

01 (°) 02 (°) 01 (°) 02 (°)
1 0.16 33.19 0.19 15.69
2 31.37 34.32 39.93 11.24
3 29.92 33.20 41.79 12.41
4 51.25 38.22 46.77 0.42
5 30.12 33.39 40.07 11.82
6 31.57 48.24 39.65 29.48
7 30.75 20.38 38.22 14.77
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would lead to prominent positive charge localization at the
donor site in the excited state, giving the fastest anion migra-
tion among 1-4. On the other hand, the lower energy of the
LUMO points to a stronger electron acceptor strength that is
anticipated to produce a more pronounced CT, i.e., depletion of
electron density from the donor. Consequently, the acceptor
strength is 2(P"Ph;) > 5(P'Cy;) for group B, which is consistent
with the significantly longer .5 of 1324 ps for 5[OTf] than 258
ps for 2[OTA].

Group C that includes 2[OTf], 6[OTf] and 7[OTf] possesses
the same electron donor and acceptor moieties, while an
appreciable difference in anion migration rate is observed.
Therefore, the dihedral angle #, of the biphenyl spacer in the
excited state might impact the dynamics within the ion pair.
Both experimental and theoretical approaches indicate that 6
[OTf] exhibits a faster translocation rate of [OTf] . The 6, of
~30° for the charge transfer state of 6 is more than twice larger
than that of 2 and 7 (see the 6, values for the S| state in Table 3).
Therefore, cation 6 retains the twisted structure after ESICT
because of its methyl substituent. Consequently, the degree/
efficiency of charge separation is better than that in 2 and 7,
which is reminiscent of the operation of twisted intramolecular
charge transfer (TICT), facilitating charge separation.””® This
viewpoint is also verified by the ESP map of group C, where 6 in
the S, state has more positive charge than that of 2 and 7
located at the donor site (Fig. S17t). Despite 2 and 7 both
adopting a similar S'1 structure in terms of 6; and 6, (see Table
3), the electrostatic potential map of 7 indicates that the positive
charge not only concentrates on the D-A sites, but also spreads
across the biphenyl bridge due to the strictly locked framework
in 7 (Fig. S177), diminishing the positive charge built on the
donor site. As a result, upon ESICT, the positive charge created
in the donor site is in the order of 6 > 2 > 7, which is consistent
with the (tyans) = of 6[OTf] (172 ps)~" > 2[OTf] (258 ps) "> 7
[OTf] (467 ps) .

Conclusions

In summary, we have designed a family of phosphonium fluo-
rophores to investigate the kinetics of the ion migration
processes, which occur upon excited-state charge transfer of ion
pairs in weakly polar solvents. As the low polarity medium
minimizes solvation of ionic species, the distinct spectral shift
observed in the time-dependent emission spectra is mainly
associated with the continuous translocation of the anion.
Referring to the well-established solvatochromism, we found
that anion migration shows similarities to solvent relaxation
dynamics, except for the much slower time domain because of
the involvement of anion translational motion. Based on this
concept, we conducted in-depth studies on the anion migration
dynamics of these phosphonium salts and put forward several
remarks:

(1) We quantified the translocation rate by applying the
spectral response function C(¢) and found that the spectral
temporal evolution induced by anion translocation can be
modeled using a mono-exponential decay kinetics. This prop-
erty resembles the solvent relaxation but differs in the type of
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motion involved. While the rotational diffusion dominates
polar solvent relaxation (Debye-Onsager model), the anion
migration is mainly governed by the translational motion
through a distance and direction where the electric field is
induced.

(2) The photoinduced anion translocation can be illustrated
as a “migration” process with a negligible barrier, which is
driven by the electric field built by charge transfer, as demon-
strated by the viscosity and temperature dependent experi-
ments. Note that the lack of an intrinsic barrier indicates that
the friction imposed by the environment serves as a mechanical
barrier to the migration.

(3) The velocity of anion translocation is proportional to the
external electric field imposed by the positive charge tempo-
rarily located at the donor site upon charge transfer. Thus, we
conclude that the rate of photoinduced anion migration is
primarily governed by electrostatic interactions and charge
redistribution.

From a microscopic point of view, the anion undergoes
a biased Brownian motion along the pathway where the
distance and direction are determined by the location and
strength of electron donor and acceptor groups. Compared to
the solvent relaxation with low viscosity, this migration process
occurs at a much slower time scale, which is sensitive to the
electric field created by ESICT.
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