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ABSTRACT: Donor-bridge-acceptor (D-B-A) systems with a
polarizable bridge can afford rapid photoinduced electron
transfer dynamics that may be susceptible to rate modulation
by infrared excitation. We describe the synthesis, character-
ization, and electronic structure of a class of readily assembled
D-B-A structures linked by a cobalt cyclam bridge. The reaction
between [Co(cyclam)Cl2]Cl and 4-ethynyl-N-isopropyl-1,8-
naphthalimide (HC2NAP

iPr) yields [Co(cyclam)(C2NAP
iPr)-

Cl]Cl (1), which reacts with LiC2Y at −78 °C to afford
[Co(cyclam)(C2NAP

iPr)(C2D)]Cl with D as C6H4-4-NMe2
(2a), NAPiPr (2b), Ph (2c), and C6H4-4-N(4-MeOPh)2 (2d).
Molecular structures of 1 and 2a were established using single-
crystal X-ray diffraction, while the redox properties and
fluorescence profiles of compounds 1 and 2 were examined using voltammetric and steady-state emission techniques,
respectively. The electronic structures and photophysical properties of these compounds were studied using density functional
theory and time-dependent density functional theory methods. The excited-state dynamics of compounds 1, 2a, and 2d were
explored using femtosecond transient absorption spectroscopy with 400 nm excitation and detection in both the visible and
mid-IR spectral regions. Formation of a long-lived excited state was complete within 20 ps of excitation in all three compounds.
Ultrafast spectral changes observed in 2a and 2d within the first 20 ps indicated the formation of a charge separated state (CS
state, D+-B-A−) with characteristic times of less than 0.1 and 0.25 ps, respectively. The CS state undergoes rapid charge
recombination (8 ps in 2a and 4 ps in 2d). The CS dynamics is facilitated by the Co center, which mixes the bright NAP-
centered electronic state with a pure CS state. The mixing strength depends on the donor energetics and conformation, which
significantly influences the charge transfer dynamics in 2a and 2d.

■ INTRODUCTION

Molecular donor-bridge-acceptor (D-B-A) structures have
received intense interest as electron-transfer (ET) model
systems.1,2 A topic of recent notice is the modulation of ET
dynamics through vibrational excitation. Studies of this kind
require ultrafast ET that proceeds more rapidly than
intramolecular vibrational energy redistribution. As such,
strongly coupled D-B-A structures with infrared (IR) active
bridge modes are a key synthetic target.
Rubtsov, Beratan, Sessler, and co-workers demonstrated

charge separated (CS) rate retardation by mid-IR excitation in
a D-B-A ensemble formed by nucleobase pairing (GC)3 and
charge recombination (CR) rate acceleration upon mid-IR
excitation.4 They related the rate modulations to the changes
in the density of states in the Marcus curve-crossing region.4

Rubtsov, Schmehl, Beratan, and co-workers also reported a ca.

30% enhancement of intramolecular ligand-to-ligand charge
transfer (CT) rate in a Re(I) compound via selective excitation
of the acceptor ligand 4,4′-(dicarboxyethyl)-2,2-bipyridine at
1540 cm−1 (ν(bpy)).5 Weinstein and co-workers studied a
series of D-B-A compounds with a trans-Pt(II)-bis-alkynyl
bridge and found that the photoinduced electron transfer
(PET) between phenothiazine (donor (D)) and naphthali-
mide (acceptor (A)) can be attenuated by vibrational
excitation of the Pt-bound CC bonds.6−9

Transition-metal alkynyl compounds are appealing targets
from the standpoints of synthetic and structural chemistry, as
well as materials applications, and could provide access to
species with rapid intramolecular ET rates that may be

Received: August 24, 2019
Published: November 7, 2019

Article

pubs.acs.org/ICCite This: Inorg. Chem. 2019, 58, 15487−15497

© 2019 American Chemical Society 15487 DOI: 10.1021/acs.inorgchem.9b02557
Inorg. Chem. 2019, 58, 15487−15497

D
ow

nl
oa

de
d 

vi
a 

PU
R

D
U

E 
U

N
IV

 o
n 

N
ov

em
be

r 1
8,

 2
01

9 
at

 1
2:

59
:3

8 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/IC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.9b02557
http://dx.doi.org/10.1021/acs.inorgchem.9b02557


susceptible to IR-induced rate modulation.10−13 Materials
applications of transition-metal alkynyl compounds include
molecular wires,14−17 molecular memory devices,18,19 and
high-performance optoelectronic materials.20−23 Recently,
metal alkynyl compounds based on 3d metal cyclams have
been investigated by Ren and co-workers.24,25 The Co(III)-
(cyclam) motif is especially attractive because of the feasibility
of stepwise alkynylation under mild reaction conditions. This
was first demonstrated by Shores and co-workers through the
preparation of [Co(cyclam)(C2Ph)Cl]

+,26 and it was explored
by the Ren group to attain the dicobalt complexes bridged by
oligoyn-diyls (μ-C2m).

27,28 The general preparations of the
unsymmetric trans-[Co(cyclam)(C2Ar)(C2Ar′)]+ compounds
were developed either through an intermediate trans-[Co-
(cyclam)(C2Ar)(NCCH3)]

+2,29,30 or via lithiation to install the
second alkyne.31 Such Co(III) bis-alkynyls are attractive
alternatives to the aforementioned Pt species, since the Co
species also provide a rigid framework for D-B-A dyads, and
the structures possess vibrationally active Co−CC bonds
based on an earth abundant metal.
The transient absorption studies of Co(III)-containing

complexes are scarce, and studies of cobalamin species focused
on the effects Co−C bonds are noteworthy.32,33 Transient
absorption studies of electronically excited Co complexes show
complexity in the dynamics, with characteristic times ranging
from a few picoseconds to a few nanoseconds.34,35 The ligand-
field (LF) excited states in octahedral Co(III) complexes were
found to occur at energies below 12 000 cm−1.34 Nevertheless,
the lifetime of the lowest electronic excited state (ES) in some
species, such as [Co(en)3](ClO4)3 (en = ethylenediamine),
[Co(tpen)](ClO4)3 (tpen = tetrakis(2pyridylmethyl)-
ethylenediamine), [Co(tppn)](ClO4)3 (tppn = tetrakis(2-
pyridylmethyl)-1,2-propylenediamine), [Co(NH3)5Cl]

2+, and
[Co(en)2(NO2)2Cl]

2+, were found to be rather short, not
exceeding 500 ps.34,36

Here, we report the synthesis of trans-[Co(cyclam)(C2D)-
(C2A)]

+ complexes, where D and A are C6H4-4-Y (Y = H,
NMe2, or N(4-MeOPh)2) and N-isopropyl-1,8-napthalimide
(NAPiPr), respectively, Scheme 1, along with the structural,

spectroscopic, voltammetric, and electronic structure proper-
ties of these compounds. The excited-state dynamics of
compounds 1, 2a, and 2d were examined using femtosecond
transient absorption spectroscopy with 400 nm excitation and
detection both in the visible and mid-IR spectral regions. The
dynamics reveal the ultrafast formation of charge separated
states (CS state) in compounds 2a and 2d and their fast
conversion to a Co(III) centered triplet state (3T1). Our study
also finds that the MN15 density functional, a functional

optimized using databases that included transition metals,
describes the excited-state properties of Co(III) complexes,
especially the charge transfer excitation energies, a task that is
challenging for most functionals.

■ RESULTS AND DISCUSSION
Synthesis. As shown in Scheme 1, the CoIII(cyclam)-based

D-B-A complexes were prepared in a stepwise fashion. 4-
Ethynyl-N-isopropyl-1,8-naphthalimide (HC2NAP

iPr)37 and 4-
ethynyl-N,N-bis(4-methoxyphenyl)aniline (HC2TPA)

38 (TPA
= -C6H4-4-N(Ph-4′-OMe)2) were prepared according to
literature methods. [Co(cyclam)(C2NAP

iPr)Cl]Cl (1) was
prepared under N2 through the reaction of HC2NAP

iPr, and
[Co(cyclam)Cl2]Cl was prepared under weak base conditions
(see a general review for weak base promoted dehydrohaloge-
nation alkynylation39) to produce an orange microcrystalline
solid in 87% yield after purification using a silica column.
Synthesis of [Co(cyclam)(C2NAP

iPr)(C2C6H4-4-NMe2)]Cl
(2a) was accomplished in a yield of 50% via addition of 1.2
equiv of LiC2C6H4-4-NMe2 to 1 at −78 °C. Symmetric
[Co(cyclam)(C2NAP

iPr)2]Cl (2b) was prepared similarly in
37% yield as were complexes [Co(cyclam)(C2NAP

iPr)(C2Ph)]
Cl (2c) and [Co(cyclam)(C2NAP

iPr)(C2TPA)]Cl (2d) in
yields of 26% and 19%, respectively. Compounds containing an
electron-donating substituent (2a and 2d) are light orange
solids, while compounds 2b and 2c are bright yellow solids. All
compounds presented herein are low-spin Co(III) species, and
they are readily characterized using 1H NMR, UV−vis, and
FT-IR spectroscopies, electrospray ionization mass spectrom-
etry, and combustion analysis.

Structure Analysis. Molecular structures of complexes 1
and 2a, determined using single-crystal X-ray diffraction, are
shown in Figures 1 and 2, respectively, while selected bond

lengths and angles are found in Supporting Information (Table
S1). Both compounds are in pseudo-octahedral configurations
with the cyclam ring in the XY plane and alkynyl/chloro
ligands occupying the axial positions (Z axis). The lengths of
the CC bonds were within the expected range of metal
alkynyl species,12 as were the Co−C distances for both 1 and
2a. Consistent with the previous structural analysis, the Co−C
bond distances in bis-alkynyl species 2a, 1.932(3) and
1.925(3)Å, are longer than that of monoalkynyl species 1
(1.888(4)Å), and the elongation can be attributed to the
greater trans-influence in 2a, thereby resulting in longer Co−C
bond lengths.28,29,31,40 The donor and acceptor aromatic rings
are separated, through bond, by 9.177 Å (C3−C20) with a
dihedral angle between the donor and acceptor ligand planes of
∼60° in 2a (Figure 2).

Scheme 1. Synthetic Approach towards CoIII(cyclam)-Based
D-B-A

Figure 1. Molecular structure of the cation in 1 at 30% probability
level; counterions, hydrogen atoms, and solvent molecules were
omitted for clarity. Selected bond lengths (Å): Co1−C1 1.888(4),
Co1−Cl1 2.3314(2), C1−C2 1.206(5), Co−Nav 1.976[4].
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Electrochemistry. The redox profiles of the Co3+(cyclam)
complexes were examined using cyclic voltammetry. The
resultant cyclic voltammograms (CVs) for 1, 2a, 2b, and 2d are
shown in Figure 3, and CVs showing Co-based reduction

couples are provided in Figure S1. The electrode potentials for
all five complexes are collected in Table 1. Consistent with
previous studies of the [Co(cyclam)(C2R)Cl]

+ complexes,25 1
displays one irreversible 1e− oxidation (Co4+/3+), an irrever-
sible 1e− reduction on Co (Co3+/2+), and a reversible 1e−

reduction localized on NAPiPr. For the D-B-A dyads 2a and 2d,
the cyclic voltammograms feature quasi-reversible 1e−

reduction and 1e− oxidation that are ascribed to NAPiPr and
the N-donor (free ligand electrode potentials listed in Table
1), respectively, from which the electrochemical highest
occupied molecular orbital (HOMO)−lowest unoccupied
molecular orbital (LUMO) gap (Eg = E1/2(D) − E1/2(A)) is
calculated as 1.90 (2a) and 1.94 (2d) eV. Upon addition of the
second alkynyl, the Co3+/2+ reduction couple is cathodically
shifted by ∼0.62 V (Table 1), significantly more negative than

that of NAPiPr. This trend is attributed to increased electron
density at the Co center for the bis-alkynyl species.25 On the
basis of the comparison of the currents of the NAPiPr reduction
in 1 and 2b (Figure 3) and considering the concentration of
the latter being less than one-fourth of the former, 2b
undergoes a quasi-reversible 2e− reduction, that is, simulta-
neous reduction of both NAPiPr groups. It is noteworthy that
the reduction potentials of NAPiPr are within a very narrow
range for both mono- and bis-acetylide species. Similarly, the
reduction of the NAPiPr group was consistently measured at
−1.83 V versus ferrocene in CH2Cl2 for the Pt(II)-based trans-
acetylide donor−bridge−acceptor species,8 and the difference
in E1/2 between the Co(III) and Pt(II) complexes is attributed
to the difference in the solvents used.

UV−Vis Spectroscopic Analysis. Absorption spectra for
complexes 1 and 2a−2d are shown in Figure 4. For all of the
complexes, the visible window is dominated by a broad and
intense peak at ca. 400 nm. The free ligand Me3SiC2NAP

iPr

displays an intense peak at ca. 370 nm (see Figure S3 in
Supporting Information), which is assigned as a π−π*
transition localized on NAPiPr. The strong resemblance of
the spectral shapes and extinction coeffcients for complexes 1
and 2 and Me3SiC2NAP

iPr suggests that the transition at 400
nm is primarily a π−π* transition localized on NAPiPr. This
assignment is supported by time-dependent density functional
theory (TD-DFT) analysis (vide infra). The 30 nm red shift of
the transition from Me3SiC2NAP

iPr to the values in complexes
1 and 2 is apparently due to the replacement of Me3Si with a
Co(III) center. The broad nature of the 400 nm peak obscures
the expected d−d (1A1 →

1T1) transition, except in the case of
1, where a weak shoulder peak is observed around 480 nm,

Figure 2. Molecular structure of the cation in 2a at 30% probability level; counterions, hydrogen atoms, and solvent molecules were omitted for
clarity. Selected bond lengths (Å): Co1−C1 1.932(3), Co1−C4 1.925(3), C1−C2 1.223(4), C4−C5 1.208(4), Co−Nav 1.986[2], C3−C20 9.177
Å.

Figure 3. CVs of compounds 1, 2a, and 2d recorded in 1.0 mM
solutions CH3CN solutions with 0.1 M n-Bu4NPF6 as the supporting
electrolyte. Because of the low solubility of 2b, its CV was recorded in
a 0.22 mM solution.

Table 1. Electrode Potentials of All Observed Redox
Couples (V) in 1 and 2a−2da

E1/2 (D) E1/2 (A)
Epc

(Co3+/2+)
Epc

(Co2+/1+)

1 −1.74 (0.09) −1.49 −2.25
2a 0.21 (0.09) −1.69 (0.06) −2.11 −2.32
2b −1.72 (0.08) −2.14 −2.26
2cb −1.72 (0.06) −2.09 −2.25
2d 0.23 (0.07) −1.71 (0.07) −2.11 −2.33
HC2NAP

iPr b −1.58 (0.07)
HC2C6H4-4-
NMe2

b,c
0.43

HC2TPA
b,c 0.30 (0.07)

aPotentials vs Fc+/Fc collected in CH3CN solutions at a scan rate of
100 mV/s with 0.1 M n-Bu4NPF6 as the supporting electrolyte; peak
separation (ΔEp) for reversible processes shown in brackets. bCV
included in the Supporting Information Figures S1 and S2. cCVs
collected in CH2Cl2.
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consistent with values reported for other Co(cyclam)
bisalkynyls.41 The D-B-A species 2a and 2d display UV
bands attributed to the donor ligands. Compound 2a displays a
sharp peak at 290 nm, which can be assigned to a π−π*
transition localized on C6H4-4-NMe2, and compound 2d has a
broad band centered at 330 nm assigned to a π−π* transitions
localized on TPA (Figure 4). This is consistent with the
absorption spectrum of the free donor ligands, which exhibit a
strong absorption ca. 300 nm (Figure S4). Note that no such
peak is present for 2b or 2c, due to the absence of an N-donor
aryl substituent.
To understand the nature of the transition with high

oscillator strength at ca. 400 nm, TD-DFT calculations of
compounds 1, 2a, and 2d were performed. The analysis
indicates that the bright state involves only NAPiPr orbitals in 1
(Figure S5), but that the states are partially polarized in 2a and
2d, involving ca. 8.4% contribution of the orbitals responsible
for CS (i.e., the HOMO of the donor (D(HOMO)) and the
LUMO of the acceptor (A(LUMO), Figures 5 and S7). The
percentages reflect the normalized squared excitation coef-
ficients. To evaluate the amount of CT character in the
transition, the dipole moments were evaluated for both the
ground and excited states. The ground states are found to be
polarized, with the NAPiPr acceptor having a slight negative
charge (Table S3). The dipole moments are further increased
in the excited states by ca. 5.6, 25.2, and 10.5 D for 1, 2a, and
2d, respectively.
Emission Studies. Steady-state emission studies found that

1 and 2a−2c exhibit similar profiles with the emission maxima
(λem) within a narrow range of 437−439 nm, which are red-
shifted from λem of the free ligand (401 nm), as shown in
Figure 4. The mirror image relation between the absorption
and emission spectra, and the reasonably small Stokes shifts,
suggest that the observed emission occurs from the same
excited state prepared by 400 nm excitation. The emission
maximum of 2d is more red-shifted compared to those of 2a−
2c, hinting at a stronger influence of the TPA donor on NAPiPr.
Emission quantum yields were measured for each metal

complex and the NAPiPr ligand (Table 2). The bridging metal
center significantly reduces the fluorescence quantum yield
(Φfl) of metal-bound NAPiPr in comparison with that of
HC2NAPiPr (0.423). Compound 2b features two NAPiPr

groups and has Φfl of 0.0143, which is approximately twofold
larger than the yields for 1, 2a, and 2c (Table 2). Such
doubling, associated with the presence of two NAPiPr groups in
2b, indicates independent behavior of the two NAPiPr ligands
in 2b. Φfl for 2d depends strongly on excitation energy (Table
2): it is ∼0.026 when excited at 320 nm (TPA) and drops
precipitously to 0.0006 when excited at 400 nm (NAPiPr).
Note that these Φfl values are significantly lower than the
quantum yields reported for Pt-bridged D-B-A species by the
Weinstein group, which were ca. 0.055,8 suggesting faster
excited-state relaxation in 2a and 2d compared to the Pt
compounds. The observed quantum yields are similar to those
of ferrocenyl naphthalimide donor−acceptor complexes
bridged by a single alkyl carbon, with quantum yields ≈
0.002, where the fluorophore quenching was attributed to the
ferrocene redox center.42 High-energy excitation of 2d
significantly involves the donor moiety, resulting in a higher
emission quantum yield. This observation suggests that the

Figure 4. UV−Vis absorption spectra in CH2Cl2 vs normalized
emission spectra in CH2Cl2, taken at room temperature, for 1 and
2a−2d.

Figure 5. TD-DFT analysis showing orbital transitions that contribute
to the bright excited state prepared with a 400 nm pump (bright
state) and the CS state for 2a. A mixing between the HOMO−1 →
LUMO and HOMO → LUMO transition is present in both states.
The high oscillator-strength transition is mainly a π−π* transition
localized on NAPiPr(89.2%), and the CS state is mostly D(HOMO)
→ A(LUMO) (90.8%). The transition energies and wavelengths of
these states are blue-shifted with respect to the experimental values
(ca. 30 nm), which is generally found in TD-DFT analysis. The
oscillator strength ( f) values, which indicate the probability of
absorbing a photon, are also indicated.

Table 2. Absorption and Emission Maxima (λ/nm) and
Emission Quantum Yields (Φ) in CH2Cl2

Φfl λabs λem λex

1 0.0066 388 438 390
2a 0.0068 401 439 400
2b 0.0143 395 439 400
2c 0.0043 397 437 400
2d 0.026 393 461 320

0.00063 400
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formation of the CS state is suppressed under these conditions,
but no detailed explanation can be provided at this time.
The ES decay rate in complexes 1 and 2 can be roughly

estimated by assuming that the radiative rate of NAPiPr (krad)
in complexes 1 and 2 is similar to those in compounds without
Co (HC2−NAPiPr or Me3SiC2−NAPiPr), which is ca. (1 ns)−1,
computed as Φfl divided by its ES lifetime of 0.5 ns. The ES
lifetime in 2a is then approximately Φfl/krad = 0.0068 × 1 ns ≈
7 ps, suggesting a characteristic time scale for observing CS in
2a.
Fourier Transform IR (FT-IR) Spectroscopy. The IR

absorption spectra of 1, 2a, and 2d are dominated by the
antisymmetric (νCO,as) and symmetric (νCO,ss) CO
stretching modes of NAPiPr at 1658 and 1698 cm−1 in 1 and
1656 and 1697 cm−1 in 2a and 2d (Figure 6). The CC
stretching frequencies in 2a and 2d (2092 cm−1) are
significantly red-shifted compared to compound 1 (2110
cm−1), indicating the influence of the donor moieties.

DFT-based normal-mode analysis finds that the two CC
vibrations in the ground states of 2a and 2d are coupled weakly
with an interaction energy of a few wavenumbers, while the
frequencies of the normal modes are separated by ca. 18 cm−1

with the low-frequency peak originating predominantly from
the donor acetylide and the high-frequency peak from the
acceptor acetylide. Essentially, a single peak is observed
experimentally with a weak tail on the high-frequency side,
in approximate agreement with the DFT analysis, which
predicts that the lower-frequency peak carries ca. fourfold
larger IR intensity (Table S4). The extinction coefficients of
the CO and CC modes in the three compounds are
similar but grow with increasing donor strength, with εCO,ss of
1230, 1360, and 1475 M−1 cm−1 for 1, 2a, and 2d, respectively.
The transition dipoles of the CO and CC modes grow
concomitantly in the three compounds, which is apparent from
the essentially unchanged extinction coefficient ratio of νCO,ss
and νCC of ca. 2.4 (Figure 6).
Time-Resolved Spectroscopy in the Visible and

Infrared Regions. Transient absorption spectra of com-
pounds 1, 2a, and 2d in the visible and mid-IR regions are
shown in Figures 7 and 8. In the visible region, a pronounced
excited-state absorption (ESA) is observed in the 450−730 nm
window for all three compounds (Figure 7). Within the first 20
ps after excitation the spectral evolution is rather small in 1 but

significant in 2a and very large in 2d, occurring with
characteristic times of 0.2−8 ps. The spectral changes are
essentially completed within 20 ps. The transient spectra
measured at 20 ps delay have similar shapes for all three
compounds with the peaks at ca. 500 and 650 nm; these
spectra decay concomitantly to zero absorbance with long
decay times of 2.0 (1), 3.3 (2a), and 4.0 ns (2d), suggesting
that the transition to the ground state is spin-forbidden. Note
that the stimulated emission (1NAP) may contribute to
transient absorption signal at 400 < λ, nm < 500, though its
contribution at λ > 450 nm (measured region) is smaller than
the ESA for all three compounds.
To help understand the excited-state dynamics, the transient

spectra in the mid-IR region were measured (Figure 8). At
small delay times, several ground-state bleach (GSB) peaks
were found in the transient spectra of each compound,
matching the vibrational peaks in the ground electronic state
(Figure 8, gray lines). The ESA peaks of two carbonyl
stretching modes of NAP (below, NAP is used in place of
NAPiPr for the sake of brevity), νCO,ss and νCO,as, are very
broad and shifted to lower frequencies in all three compounds
compared to the ground-state absorption (Figure 8a). The
ESA peaks decay rapidly in all three compounds with
characteristic times ranging from 0.2 to 8 ps. These kinetic
steps do not populate the ground states but result in formation
of the long-lived states (LLS), as also observed in the transient
spectra in the visible range (Figure 7). We will demonstrate
below that the peak at ca. 550 nm is characteristic for ESA of
the CS state. The carbonyl frequencies in this LLS are blue-
shifted by a few wavenumbers relative to those in the GS
resulting in cancellation of the GSB and ESA CO peaks and
formation of characteristic, distinctive transient spectra with
negative peaks at the red side of the GS peaks and positive
peaks on the blue side (Figure 8a, t ≥ 20 ps). The long-lived
species decay with nanosecond decay times, matching those
measured in the visible region. Essentially no GS recovery is
observed in the three compounds at early times, as apparent
from persistence of the GSB peaks of νCC (Figure 8b), which

Figure 6. IR absorption spectra of 1, 2a, and 2d in CH3CN.

Figure 7. Transient absorption spectra for 1, 2a, and 2d in CH3CN in
the visible region at the time delays indicated in the inset. λpump = 400
nm.
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decay with nanosecond times, also matching the slow decay
component in the visible region.
The transient spectra of the νCC modes differ considerably

for the three compounds (Figure 8b). For 1, the νCC ESA is
negligible, suggesting that the initial excited state of 1 is weakly
polarized. The νCC ESA peaks in 2a and 2d are significantly
stronger than the respective GSB peaks, with the square of the
transition dipole ratios, μ2(ES)/μ

2
(GS), of 5 and 9, respectively,

indicating formation of the states that are strongly polarized
across the bridge, involving charge transfer from donor to
acceptor. In agreement with the measured visible region
transient spectra, formation of the LLS in all three compounds,
which is detected in the mid-IR, is completed in 20 ps. To
characterize the CS state formed in 2a and 2d, two spectral
features in the transient IR spectra were used: (i) the strong
absorption of νCO for the NAP anion, occurring at ca. 1570−
1580 cm−1 (Figure 8a)43 and (ii) the broad absorption of
νCC (1930−2100 cm−1, Figure 8b), which reports the CS
state dynamics. Both indicators suggest formation of the CS

state in 2a and 2d, while two peaks are significantly stronger in
2d.
TD-DFT analysis indicates that the CS state in 2d (Figure

S7) is essentially a pure charge transfer transition, involving
97.2% D(HOMO) → A(LUMO) orbitals, while in 2a (Figure
5) it is only 91% charge transfer in character with 8.4% NAP-
based transition (the same transition that dominates the NAP-
based bright state). The stronger mixing in 2a is due to a closer
energy match between the pure NAP-based bright state and
the pure CS state. These calculations support the observations
that νCC (CS state) and νCO(NAP

−) peaks are much
stronger in 2d than in 2a (Table S4). The larger extent of CS
state formation in 2d compared to 2a explains the larger red
shift of its νCC band (Figure 8b). The νCO(NAP

−) peaks of
2d are also more red-shifted than those of 2a (Figure 8a).
The spectral dynamics are different for 2a and 2d. For 2d,

formation of the CS state is time-resolved in the visible and IR
regions, manifesting as rising components with different
spectral shapes compared to those of the bright excited state

Figure 8. Transient absorption spectra for 1, 2a, and 2d in CH3CN in the (a) 1500−1740 cm−1 and (b) 1900−2130 cm−1 mid-IR regions. The
time delays are indicated as insets.

Figure 9. Decay-associated spectra for 2a (a) and 2d (b) constructed for the spectral dynamics within 60 ps window.
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prepared with a 400 nm pump. The rising components are
most pronounced in the visible region (Figure 9b) and for the
1570 cm−1 peak (Figure 10b). The decay-associated spectral
(DAS) analysis allows identification of the principle decay
components common for kinetics at all wavelengths.44,45 The
DAS analysis of the early time dynamics for 2d resulted in
three sizable principal components, one rising and two
decaying (Figure 9b). The DAS spectra of the rising (0.25 ±
0.05 ps) and first decaying (0.83 ± 0.1 ps) components are
similar, suggesting rapid formation of a new state with
dominating absorbance followed by its decay. The DAS
spectrum of the slower decay component (3.6 ± 0.4 ps) is
broad, resulting in a red shift of the spectrum. The two decay
times are similar to the decay times of the CO bleach peak
decays and are associated with formation of a LLS (Figure
10c), suggesting that no other electronic excited states are
formed.
In 2a the visible decay-associated spectra for early time

dynamics resulted in two principal decay components (Figure
9a); the two components, 0.68 and 7.7 ps, with similar DAS
spectra indicate that both belong to the same species, while the
state dynamics is not single exponential. It is conceivable that
the formation of the CS state in 2a occurs faster than the
instrumental time resolution (<100 fs). This hypothesis is
supported by TD-DFT analysis that shows mixing of the CS
state and pure bright states in 2a, which is expected to facilitate
the electronic transition (Figure 5).
The vibronic dynamics in the mid-IR region is masked by a

broad featureless absorbance across the fingerprint region,
observed in all three compounds (Figure 8b and Figures S8
and S9). Such broad absorbance, reported previously for Pt-
bis-alkynyl-NAP compounds, was attributed to transitions
between closely spaced electronic states.46−51 In 1 and 2a, the
broad absorption decays rapidly (0.1−0.2 ps, Figure S8), not
preventing the assignment of the vibrational peaks. However,
in 2d the broad absorption (BA), in addition to a fast
component of ca. 0.2 ps, features a relatively slow component
of ca. 1.0 ps (Figures S9 and 10b), which significantly masks
the dynamics on this same time scale (0.8 and 4 ps, Figure 9b).
The broad featureless spectrum has a uniform amplitude across
the 1680−2120 cm−1 region (Figure S9), which permits its
subtraction from the signals at frequencies of characteristic
vibrational transitions (CO GSB, 1670 cm−1, and at 2000−
2100 cm−1, Figure 10b). A global fit of the resulting kinetics

produces the 0.25 ± 0.1 ps rise, 0.9 ± 0.2 ps, and 4.1 ± 0.2 ps
decay time constants (Figure 10b), which are similar to those
obtained in the DAS analysis in the visible region (Figure 9b).
The spectral dynamics for 2a in the mid-IR is much simpler

than that for 2d featuring only a broad ultrafast component
with an 8 ps decay (Figure 10a). Because of the time constant
separation, no broad background subtraction was necessary for
2a.
The CC peaks of the CS state in 2a and 2d are extremely

broad, likely because of the wide distribution of dihedral angles
between the donor and acceptor planes (θ) in the ground
electronic state, which affects the D-A coupling strength and
the extent of mixing. It is expected that the coupling is stronger
for more planar D-A conformations (small θ angle), resulting
in a larger dipole moment for the CS state. The decay times for
2d (with dominant components between 0.9 and 4 ps, Figures
9b and 10b) are attributed to the process leading to a
nonpolarized bridgea charge recombination (CR) process. It
is apparent that the CR process is faster in the more planar
conformations (Figure 8b), but the difference is not large.
Note that the spectral diffusion associated with the θ angle
change in the CS state is not expected to contribute at the time
window of 5 ps in 2d due to the relatively larger size of its
donor moiety.
The CC peak in the CS state of 2a decays slower than

that for 2d with the dominant component of ca. 8 ps, which
matches its CO GSB recovery time (Figure 10a). The CC
peak shifts to slightly lower frequencies with time (Figure 8b).
The shift can be associated with the solvation dynamics further
stabilizing the CS state. The red shift may also be influenced by
differences in the CR rates at different θ angles, such that the
decay is slower for conformations with smaller θ angles having
red-shifted peaks, but the contributions of different relaxation
processes are difficult to specify.
As noted earlier, the antisymmetric CC stretching mode

dominates the spectrum in the GS, as the two ethynyl arms are
exposed to a similar charge environment with the unit positive
charge at the Co center and close to zero charges at the donor
and acceptor moieties. However, in the CS state, the ethynyl
mode at the acceptor side dominates the spectrum as the
mixing of the two CC modes is reduced. Our population
DFT analysis indicates that the Co center still carries
approximately a unit charge in the CS state, while the electron
is transferred from the donor to the acceptor moieties making

Figure 10. Transient kinetics for 2a (a) and 2d (b) at indicated frequencies (in cm−1), normalized in (a) to show a match in characteristic decay
times. The decay times of characteristic components are indicated on the graphs. (b) Global fit results are shown with red lines. (c) Normalized
transient νCO,as kinetics for 1, 2a, and 2d at indicated frequencies (thick lines) and their fits with two-exponential functions (thin lines of matching
colors). (inset) Mean decay times; the fit parameters are 1: 3.6 ± 1.5 ps (40%) and 10.9 ± 2.4 ps (60%); 2a: 7.8 ± 0.5 ps; 2d: 0.9 ± 0.2 ps (17%)
4.1 ± 0.2 ps (83%).
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the ethynyl group at the acceptor side polarized much stronger
than that at the donor side and resulting in its dominant
contribution to the CC IR intensity (Table S4).
Solvation, vibrational relaxation, and structural relaxation

each complicate the dynamics, producing variations in kinetics
at individual wavelengths. The following scheme (Scheme 2) is
consistent with all major spectroscopic observations.

The long-lived state can be assigned to 3Co(cyclam) or
3NAP. TD-DFT analysis shows that the Co-based triplet state
is lower in energy than the 3NAP state (Figure S7). The
vibrational frequencies of the NAP carbonyl modes were
computed in both states. In the 3Co(cyclam) state these
frequencies differ from those in the GS by only a few
wavenumbers, as observed experimentally. The CO
frequencies in a 3NAP state were assessed in a fully organic
compound, Ph−C4-NAP, showing formation of the 3NAP state
(Figure S10, bottom panel). The CO frequencies in the
3NAP state are found to be ca. 50 cm−1 lower than the
respective GS frequencies. Characteristic CO frequencies for
the 3NAP state were reported at 1590, 1640, and 1950 cm−1 by
Weinstein and co-workers.8,43,46,52 The absence of significant
peaks at these frequencies in the transient IR absorption
spectra of 2a and 2d (Figure 8) eliminates the possibility of the
3NAP state being the LLS and corroborates the assignment of
3Co(cyclam). The presence of low-lying Co-based triplet and
quintet states were found previously.32 The Co-based quintet
(5T1) state in [Co(III)(en)3](ClO4)3 (en = ethylenediamine)
was reported at energies below 900 nm.34 Therefore, the LLS
was assigned as the 3Co(cyclam) state.
Since the fluorescence spectra of all three compounds are

similar, one may expect to see the emission quantum yield in
2d to be smaller than that in 1 by a factor of kISC(1)/kCS(2d),
an approximate ratio of 31 (ISC = intersystem crossing). When
excited at 400 nm, the measured emission quantum yield in 2d,
relative to that of 1, is only 11-fold smaller. This discrepancy
may originate from several factors such as the error for the
determined rates, nonexponentiality of the excited state
dynamics, and the possibility of exciting the donor moiety in
the fluorescence measurements (which could result in a higher
emission quantum yield). For example, just taking into account
the error bars for the rates, the kISC(1)/kCS(2d) ratio could
span from 21 to 37.
In the D-B-A dyads studied by Weinstein and co-workers,

the deactivating d-d state lies significantly above the π*(NAP)
orbital, enabling a long-lived CS state (τ ≈ 800 ps), which in
turn allows for the application of the second vibrational
pump.8,43,46,52 In the Co(cyclam) system, the deactivating d-d
state is energetically below the π*(NAP) orbital as evidenced
by the λmax(

1A1 → 1T1) being 480 nm in 1, while that of
π−π*(NAPiPr) is 400 nm, which led to short-lived CS state (τ

≈ few ps). Note that ES lifetimes of typical Fe(II) complexes,
isoelectronic with Co(III), are even shorter and often in sub-
picoseconds.53 Nonetheless, the use of strongly σ-donating
terpyridine analogues led to the increase in the extent of metal-
to-ligand charge transfer (MLCT) state, restricting the decay
rate-determining step to the 3T1 ((t2g)

5(eg*)
1) → 1A1 ((t2g)

6)
relaxation instead of 5T2 ((t2g)

4(eg*)
2) → 1A1, and thus

resulting in very long lifetime of the excited states (550 ps).54

With benzimidazolylidene-based ligands, the deactivating d-d
state of Fe(II) complexes were significantly elevated, and the
lifetimes of 3MLCT were extended to a 100 ps level, making
these types of complexes viable photosensitizers.55,56 It is
conceivable that the Co(III)-centered 1T1 and

3T1 state can be
significantly destabilized by further enhancement of the ligand
field strength, leading to the desired long-lived CS state.

■ CONCLUSIONS
Through stepwise addition of alkynyls, dissymmetric Co(III)
D-B-A complexes were obtained in respectable yields, enabling
the probe of excited-state CS dynamics. Despite the presence
of Co-based triplet states at lower energies, efficient CS occurs
in compounds 2a and 2d. The fast CS is enabled by strong
communication between the donor and acceptor mediated by
the Co(cyclam) bis-alkynyl bridge. The low-lying Co-based
states eventually serve as energy sinks, resulting in CR. The
Co-centered excited state is very long-lived, relaxing to the GS
with a characteristic time of 2−4 ns. The CS-to-CR rate ratios
are 16-fold for 2d (0.25 ps/4 ps)−1 and 80-fold for 2a (0.1 ps/
8 ps)−1. Further CS studies involving more complex donors
and/or acceptors are ongoing. If the CS in such systems
remains efficient, the overall ET yield will remain high.
The D-B-A structures synthesized and studied here are

appealing for future studies of IR-induced rate modulation.
When the ET reaction is slower than the lifetime of the
vibrational mode targeted for ET rate modulation, the
relaxation of the vibrational mode during the ET reaction
makes it difficult to ascertain the origin of the ET modulation,
to either the excited vibrational mode or the daughter modes
of its relaxation. When the ET reaction is fast, limited
vibrational relaxation occurs during the ET reaction. The CS
rate in 2d is expected to be faster than the vibrational
relaxation, making 2d an attractive target for the ET
modulation studies. The CR reaction, although slower than
the vibrational relaxation, is still fast enough to include only a
few daughter modes into analysis. The alkyne bridges offer
substantial interactions among the D, B, and A moieties,
suggesting that IR excitation of the bridge modes could
strongly influence interactions among the subunits and thus
perturb the ET kinetics. This hypothesis will be explored in
future studies.

■ EXPERIMENTAL SECTION
Synthesis. General synthetic and analytical details are provided in

the Supporting Information. A brief description of the unique
syntheses is provided here.

Synthesis of [Co(cyclam)(C2NAP
iPr)Cl]Cl (1). [Co(cyclam)Cl2]Cl

(0.76 mmol) was dissolved in 50 mL of CH3OH, to which a 20 mL
solution of tetrahydrofuran (THF) containing 4-ethynyl-N-isopropyl-
1,8-naphthalimide (0.91 mmol) was added and purged with N2. With
addition of Et3N (2.0 mL, 15 mmol) the solution darkened and then
refluxed for 16 h. Silica plug purification with CH3OH/CH2Cl2 (v/v,
1:6) eluted the product as an orange band. Recrystallization from
methanol and ether yielded 392 mg of 1 as an orange solid (87%
based on [Co(cyclam)Cl2]Cl). Single crystals of 1 were obtained

Scheme 2. Summary of the Excited-State Dynamics in 1, 2a,
and 2da

a1NAP& denotes the NAP bright state with partial D(HOMO) →
A(LUMO) contribution.
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from the slow diffusion of hexanes/ether (v/v, 1:2) into CH3OH
containing 1.
Synthesis of [Co(cyclam)(C2NAP

iPr)(C2C6H4-4-NMe2)]Cl (2a).
Compound 1 (0.23 mmol) was dried under vacuum. Lithiated 4-
ethynyl-N,N-dimethylaniline (40 mg, 0.28 mmol) was added via
cannula while stirring at −78 °C. The solution turned dark red and
was allowed to slowly warm to room temperature over a period of 8 h.
The resulting dark orange solution was purified over silica. The
desired product eluted as a yellow band with CH3OH/CH2Cl2(v/v,
1:6). Recrystallization from methanol and ether yielded 81 mg of 2a
(50% based on 1). Single crystals of 2a were grown from slow
diffusion of hexanes/ether (v/v, 1:1) into a CH2Cl2/CH3OH (v/v,
1:1) solution containing 2a.
Synthesis of [Co(cyclam)(C2NAP

iPr)2]Cl (2b). To a 20 mL THF
solution containing LiC2NAP

iPr (77 mg, 0.29 mmol) was added
vacuum-dried 1 (100 mg, 0.17 mmol). The dark red solution was
stirred at −78 °C for 4 h and then quenched with air. Upon solvent
removal, the residue was purified by column chromatography (SiO2,
CH3OH/CH2Cl2 v/v, 1:6) and eluted as a yellow band. The product
was then rinsed with CH3OH, and the filtrate was collected and
recrystallized from CH2Cl2 and ether to yield 57 mg of 2b as a yellow
solid (37% based on 1).
Synthesis of [Co(cyclam)(C2NAP

iPr)(C2C6H4-4-N(Ph-4′-OMe)2]Cl
(2d). A 100 mL Schlenk tube was charged with 46 mg (0.08 mmol)
of 1 and dried under vacuum, and an 8 mL THF solution of LiC2TPA
(0.16 mmol) was added while stirring at −78 °C, turning the solution
bright red. The solution was allowed to stir for 3 h, and then the
reaction was quenched with CH3OH. Solvent was removed, and the
crude residue was purified by column chromatography (SiO2,
CH3OH/CH2Cl2 v/v, 1:6), eluting as an orange band, and
recrystallized from CH2Cl2/hexanes to yield 13 mg of orange solid
(19% based on 1).
Ultrafast Dynamics and TR-IR Details. The three-pulse

transient absorption setup, capable of detecting transient spectra in
the vis/near-IR or mid-IR spectral regions, is based on a Ti:sapphire
oscillator−regenerative amplifier tandem (Vitesse from Coherent and
Spitfire from Spectra Physics). The output laser beam (1.1 mJ pulse
energy, 1 kHz repetition rate, 804 nm wavelength, and 44 fs pulse
duration) was split into three parts. One part of ca. 370 μJ/pulse was
frequency doubled to generate 402 nm excitation pulses, providing 1−
2 μJ/pulse for these experiments. The second part of ca. 630 μJ/pulse
was used to generate mid-IR pluses of ca. 200 cm−1 spectral width
(full width at half-maximum (fwhm)) frequency tunable from 1000 to
4000 cm−1 via an in-house-built optical parametric amplifier and
difference frequency generation units. The third part (ca. 7 μJ/pulse)
was intensity-tuned by a wave plate-polarizer pair and focused into a
sapphire wafer to generate white light continuum. All three beams
overlapped in the sample, but either visible/near-IR or mid-IR probe
beam was used in the experiments. Transient spectra in the visible
region were measured with a charge coupled device (CCD) camera
(PIXIS-100, Princeton Instrument) attached to a monochromator
(TRIAX-190, Horiba); the mid-IR spectra were detected with a
single-channel mercury cadmium telluride (MCT) detector (Infrared
Associates). The experiments were performed in a flow cell of 100 μm
path length at room temperature (22 ± 0.5 °C).
Computational Details. DFT and TD-DFT calculations for the

cations in 1, 2a, and 2d were performed using the MN15 functional57

and the Def2-SVP basis set58 for all atoms as implemented in
Gaussian 16.59 The Polarizable Continuum Model (PCM)60 was used
to simulate the solvent effects of acetonitrile in the ground-state and
excited-state calculations. The B3LYP, CAM-B3LYP, wB97X-D, M06,
and M06-2X functionals were also tested by comparing the character
of the excited states and the vertical excitation energies with
experiments. A better agreement with the experimental vibrational
frequencies and electronic spectra was found with the MN15
functional. Coordinates of the optimized geometries in the ground
state are listed in Tables S5−S7.
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