THE JOURNAL OF

PHYSICAL CHEMISTRY

LETTERS

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCL

Probing Through-Bond and Through-Space Interactions in Singlet
Fission-Based Pentacene Dimers

Ashish Sharma, Stavros Athanasopoulos, Yun Li, Samuel N. Sanders, Elango Kumarasamy,

Luis M. Campos, and Girish Lakhwani*
I: I Read Online

Article Recommendations |

Cite This: J. Phys. Chem. Lett. 2022, 13, 8978-8986

ACCESS | M Metrics & More ’ Q Supporting Information

ABSTRACT: Interchromophoric interactions such as Coulombic coupling and 5 5 e s
exchange interactions are crucial to the functional properties of numerous 7-

conjugated systems. Here, we use magnetic circular dichroism (MCD) spectros-

copy to investigate interchromophoric interactions in singlet fission relevant 12
pentacene dimers. Using a simple analytical model, we outline a general
relationship between the geometry of pentacene dimers and their calculated
MCD response. We analyze experimental MCD spectra of different covalently
bridged pentacene dimers to reveal how the molecular structure of the “bridge”
affects the magnitude of through-space Coulombic and through-bond exchange
interactions in the system. Our results show that through-bond interactions are
significant in dimers with conjugated molecules as bridging units and these
interactions promote the overall electronic coupling in the system. Our generalized
approach paves the way for the application of MCD in investigating
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interchromophoric interactions across a range of 77-conjugated systems.

7-Conjugated systems offer great promise as photoactive layer
materials in optoelectronic devices, such as photovoltaics, light-
emitting diodes,” photodetectors,3 and bioelectronics.* The
development of efficient organic electronic devices is dependent
on a fundamental understanding of the interchromophoric
interactions that affect the absorption of light and subsequent
energy relaxation in conjugated systems. These interactions can
be conveniently categorized as through-space Coulombic
interactions between resonant molecular dipoles and through-
bond exchange interactions between molecules with a significant
wave function overlap.”® The latter is especially important in the
case of thin films with closely packed molecules as well as
covalently bridged systems, such as dimers and oligomers, where
the “bridging unit” can promote indirect overlap between the
chromophores.”® Insights into the magnitudes of through-space
and through-bond interactions are crucial for understanding the
relationship between intermolecular coupling and photophysical
processes such as energy and charge transfer, key to developing
rational design criteria for improved functional materials.

An example system in which interchromophoric interactions
significantly affect electronic transitions as well as energy and
charge transfer is the family of pentacene dimers. Specifically,
pentacene dimers with strongly interacting monomer units
undergo intramolecular singlet exciton fission (SF), a process
through which the photoexcited spin-0 singlet state converts to a
pair of spin-1 triplet states.” Because of the potential of SF to
enhance the performance of organic and hybrid solar cells,"”""
considerable effort has been spent to develop structure—
property insights into SF dynamics and to design efficient SF-
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based materials."*™"> In this regard, covalently bridged
pentacene dimers have been widely investigated as the
molecular structure of the bridge allows a handle to tailor the
inter-pentacene interactions and, subsequently, the SF dynam-
ics.'°~** While it is anticipated that bridge-mediated through-
bond interactions are crucial to SF dynamics, investigations into
the extent of these interactions have been limited.

We have recently shown that optical activity, ie., the
differential interaction of left- and right-circularly polarized
light (CPL) with chiral molecules, can sensitively probe bridge-
mediated through-bond interactions in an axially chiral
binaphthyl pentacene dimer.”* Our results demonstrated that
ground and excited state circular dichroism (CD) spectroscopic
measurements of optical activity can prove to be useful in
investigating the complex nature of pentacene—bridge inter-
actions that underpin SF dynamics and subsequently assist in the
design of next-generation SF molecular systems. Magnetic
circular dichroism (MCD) spectroscopy is another optical
technique that can be used to measure induced optical activity in
chromophores under the influence of an applied magnetic field;
however, this method does not require that molecular systems
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Figure 1. Schematic of the MCD measurement and the relevant energy diagrams. (a) Schematic of a solution MCD measurement that shows
attenuated differential transmission of left (L) and right (R) circularly polarized light in the presence of a magnetic field, B, in a Faraday geometry. (b)
B-Type MCD spectra that originate from the preferential absorption, A; and Ay of L and R circularly polarized light, respectively. (c) Schematic energy
diagrams of a pentacene monomer and a dimer. Under an applied magnetic field, magnetic mixing (shown as a gray dashed double-headed arrow)
between monomeric states |x) and ly) perturbs the wave functions such that lx") = lx)+i5(B)ly) and ly’) = ly)+iS(B)lx). In the case of a dimer,

excitonic coupling between the monomeric states can give rise to new so-called “in phase” and “out of phase” coupled excited states, Ix},), |yJ'r> and

Ix”), ly"), respectively, that can undergo further magnetic mixing resulting in a markedly different MCD spectrum.

be chiral.”>*® Specifically, the MCD response, measured as the

differential absorption of left- and right-handed CPL in the
presence of an applied magnetic field in a Faraday geometry
(Figure 1), has been used to investigate the electronic structure
of quantum dots,”’ nanoplatelets,28 metallocomplexes,29 and
numerous 7-conjugated systems.’’~>* The sign and shape of the
MCD spectra of numerous cyclic 7-conjugated systems such as
naphthalenes,® acenes,”* phenylenes,” porphyrins,”*° thio-
imides,”” and other compounds®® have been studied to
understand the role of electronic structure, i.e., the effect of
electron-donating or -withdrawing substituents, dimerization,
and aggregation on their magneto-optical electronic properties.
Notably, the analysis of the strength of the MCD response has
provided detailed insights into the internal aggregate structure of
chlorophyll molecules® ™ and several other conjugated
systems.””*" A well-developed theoretical framework, such as
Michl’s perimeter model, is often used for the qualitative analysis
of the MCD spectra.”” Furthermore, in comparison to CD,
MCD is much more sensitive to local perturbations in molecular
structure and has been used to separate local intermolecular
interactions from long-range dipolar coupling in molecular
aggregates.*"*’ In the case of SF-based pentacene dimers, local
bridge-mediated through-bond interactions and thr0u§h—space
dipolar interactions crucially affect the SF process.'”'”** In this
vein, MCD can be exploited to selectively identify the extent of
bridge-mediated interactions in SF-based systems; however, this
has hitherto never been investigated.

In this report, we use the MCD spectral signatures of the 6,13-
bis(triisopropylsilylethynyl) pentacene (TIPS-Pc) monomer
and various covalently bridged pentacene dimers to investigate
intramolecular interactions between two pentacene chromo-
phores. Figure 1 shows the schematic of the MCD experiment
and the energy diagrams highlighting the effect of excitonic
coupling on the observed MCD response. Using density
functional theory (DFT) calculations and Gaussian analysis of
the MCD bands, we first qualitatively explain the origins of the
MCD spectra of TIPS-Pc. We advance existing theoretical
models to extract the magnitude of through-space and through-
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bond interactions from the MCD spectra of different covalently
bridged pentacene dimers. Our results suggest that through-
bond interactions are significant in dimers with 7-conjugated
bridging units, suggesting that these interactions are predom-
inantly of the “resonance” type. These results are consistent with
the McConell model,** which suggests that significant through-
bond interactions in covalently bridged dimers necessitate
delocalization of the electronic density on the bridging unit.
Comparing the reported SF dynamics in the literature of the
covalently bridged dimers studied here with the extent of overall
electronic coupling in the system determined by our MCD
measurements, we hypothesize that resonance-type through-
bond interactions are beneficial to the SF process. Our approach
highlights the promising role of MCD spectroscopy as a simple,
sensitive tool for investigating the through-space and through-
bond interactions in conjugated systems, especially relevant for
SF-based materials.

We first discuss the ground state absorption spectrum of
dilute solutions of the TIPS-Pc monomer in Figure 2a. Three
distinct features can be easily identified from the electronic
absorption spectrum of TIPS-Pc: an intense peak in the high-
energy region around 320 nm, a moderately intense absorption
band with characteristic vibrational progression in the low-
energy region around 650 nm, and a very weak absorption band
in the region around 400 nm. These absorption signatures are
characteristic of acenes, and their origins have been discussed
previously.**™** Briefly, the lowest-energy absorption band is
attributed to the “p” transition, which results from an excitation
into a 'L, state of B,, symmetry and is polarized along the short
axis of the pentacene molecule. The weak absorption peak
around 400 nm and an intense peak at 320 nm are suggested to
arise from photoexcitation from the ground state to excited
states 'L, (a transition) and 'By, (3 transition), respectively, and
are polarized along the long molecular axis. An additional peak
to the red of the f band, observed here at 340 nm, has been
previously assigned to excitation to 2'B;,” and 2'B,," states
(labeled as the “x” transition to the 2'L, state in Figure 2c).
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Figure 2. MCD and absorbance of the monomer TIPS-Pc. (a) Absorbance (blue lines) and MCD (black lines) of a 3 uM solution of the 6,13-
bis(triisopropylsilylethynyl) pentacene (TIPS-Pc) monomer in dichloromethane. The inset of panel a shows the molecular structure of TIPS-Pc,
where R = a triisopropylsilylethynyl (TIPS) group with arrows depicting the long- and short-axis polarized transitions. (b) Gaussian fits (red and blue
lines) to the MCD and absorbance of high-energy transitions of TIPS-Pc overlaid on the significant bisignate B-type MCD response (shaded gray
region) and absorption spectrum (shaded blue region) of TIPS-Pc. The dashed—dotted lines in panel b highlight that peaks in MCD and absorption
spectra align very well, as expected from B-type MCD. (c) Energy diagram of TIPS-Pc depicting the electronic transitions and the energies of the
relevant excited states. Magnetic mixing between the high-energy states is highlighted by the dashed gray double arrow.

The MCD spectrum of TIPS-Pc has positive and negative
lobes whose peaks align with absorption peaks at 340 and 320
nm, respectively, as shown in Figure 2b, suggestmg that the
origin of MCD in TIPS-Pc is purely B-type.’’ B-Type MCD is
commonly observed in molecules that lack C; (or higher)
symmetry in the molecular structure. The sign and transition
energy of the lobes observed in the MCD spectrum of TIPS-Pc
agrees well with the predicted values from Michl’s model,
confirming that the B-type MCD predominantly originates from
magnetlc field-induced mixing between the L and B excited
states.”’ This is further established by our quadratic response
density functional theory (QR-DFT) calculations, which can
qualitatively reproduce the MCD spectrum assuming first-order
excited state mixing as the origin of the MCD response (Tables
S1 and S2 and Note S1).

Experimentally, the strength of the MCD response, i.e., the
magnitude of the B term for a given transmon, can be calculated
using the area under the measured MCD lobe.® The strength of
the MCD response is often discussed in terms of the B/D ratio
that is defined as the ratio of the magnitude of the B term to
dipolar strength D of a transition and can be calculated using eqs
1 and 2.

MCD (mdegs) = 32982 * AA (1)
B 0714 [AA dv
D fA do )

where AA (= A; — Ag) refers to the difference in the
absorption L (A;) and R (Ag) circularly polarized light of a
transition under an applied magnetic field in Faraday geometry,
0 represents the energy in units of inverse centimeters, and A
refers to the absorption of a given transition. Upon
approximation of individual transitions as Gaussian-shaped,
the B/D value of each TIPS-Pc MCD lobe can be calculated by
simultaneously fitting Gaussian bands to the experimental
absorption and MCD spectra, as shown in Figure 2b. For TIPS-
Pc, the B/D value is calculated as 0.5 X 10™* cm™ (/3 transition
at 320 nm), which is on the same order of magnitude as reported
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B/D values of other or§anlc systems such as porphyrins,”’
perylenes,*' and acenes.

Theoretically, the magnitude and sign of a B-type MCD
response can be estimated by calculating the B terms of
individual transitions. The B term of a transition from ground
state Ig) to a particular excited state li) is given by the field-
induced mixing of state li) with the other excited states, as
expressed in eq 3.%

B = Imz e

I

3)

where m;; represents the magnetic transition dipole moment
between li) and another excited state lj), 4, and M, represent the

electronic transition dipole moments of the transitions from
ground state Ig) to states |i) and lj), respectively, and AE;; is the

difference between the energy of states li) and lj). The cross
product in eq 3 implies that MCD for a given transition is
predominantly influenced by other orthogonally polarized
transitions. Thus, in the case of TIPS-Pc, significant MCD can
be expected in regions where short-axis and long-axis polarized
transitions are close in energy. Furthermore, bisignate-shaped
MCD should be obtained if the magnetic field mixing primarily
involves only two excited states.

We attribute the bisignate-shaped MCD feature in the high-
energy region of TIPS-Pc primarily to magnetic field-induced
mixing between 2'L, and 'B, states (Figure 2c). Using eq 3, we
obtain a lower bound value of 0.9 Bohr magneton for the
magnetic transition dipole moment between these states. This is
comparable to the reported values for the magnetlc transition
dipole moment between excited states of porphyrins*> and other
cyclic acenes,**’ suggesting that the MCD in TIPS-Pc and
porphyrins shares a similar origin, i.e., arising from the nature of
the molecular orbitals involved. In summary, TIPS-Pc shows a
bisignate-shaped B-type MCD, especially in the high-energy
region, that can be attributed to magnetic field-induced mixing
between two close-lying excited states with orthogonal

symmetry.
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Figure 3. Effect of through-space and through-bond interactions on the MCD of pentacene dimers. Calculated MCD of a pentacene dimer with only
through-space dipolar coupling (VyTB = 0) included for (a) the face-to-face configuration and (b) the edge-to-face configuration. Insets of panels a and

b show the face-to-face and edge-to-face configurations, respectively, where R is the inter-pentacene distance. Calculated MCD of a pentacene dimer
for R = 1 nm for (c) the face-to-face configuration and (d) the edge-to-face configuration varying the magnitude of through-bond interaction potential

(VyTB) between long-axis polarized transitions of the pentacene units.

To identify whether MCD can be exploited as a spectroscopic
marker of inter-pentacene interactions, we calculate the MCD
spectra of a pentacene dimer by varying the magnitude of
through-space and through-bond interactions between penta-
cene chromophores. For the former, we calculate the MCD
spectra of different pentacene dimers by systematically varying
the distance between the two pentacene chromophores in the
dimer geometry (Figure 3ab and Figure S3). Here, the
magnitude of through-space interaction for a given geometry
is obtained by calculating the dipolar coupling between
monomer pentacene transitions using a line-dipole approx-
imation, with the magnitudes of coupling further confirmed
using TD-DFT calculations (see Note S2 and Figures S1 and
S2).

Panels a and b of Figure 3 show the exclusive impact of
through-space dipolar coupling on the bisignate MCD spectrum
in the region of 28000—40000 cm™" as two pentacene units are
brought closer to each other with a defined relative orientation.
We consider two relevant configurations, face-to-face and edge-
to-face, that have been observed in pentacene aggregates, thin
films, and crystals.”” While the face-to-face configuration
represents the geometry where inter-pentacene coupling
between both short- and long-axis transitions can be maximized,
the edge-to-face configuration models a pentacene dimer system
with orthogonal pentacene units. Here, through-space dipolar
coupling of monomers results in the splitting of a monomeric
transition into a high-energy “out-of-phase” transition and a low-
energy “in-phase” transition (as shown in Figure 1c). The effect

of through-space dipolar coupling on the MCD response dimers
can be determined by calculating the magnetic transition dipole
moment between the dimer excited states (see Note S2, Figure
S3 and Table S4). For instance, if excitonic coupling between
the long-axis polarized transitions from the ground state to an

excited state ly) results in an “in-phase” transition to |y+> and an

“out-of-phase” transition to ly ), the B terms for these new
transitions can be calculated using eqs 4—6.

1
=~ ot )

1+ R+ Ry + Ry,
E —E}v

X

1-R;—Ry+R
+ 11 22 33

B — By ()

1 —Ry; + Ry — Ry
E _Ey

X

1
B, = —Z(mxyﬂxﬂy)

+ 1+ Ry — Ry — Ry
E, — Ey_ ()

E =EFV"S

’i 1 1

(i=wx7y) (6)

where m,, represents the magnetic transition dipole moment

between ly) and another excited state lx), s and M, represent the
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Figure 4. MCD of covalently linked pentacene dimers. Experimental (shaded regions) and calculated (colored lines) MCD for 3 uM solutions of
pentacene dimers (a) TRBP, (b) SPBP, (c) BNBP, and (d) BP2 and BP3 in dichloromethane. The calculated spectrum (blue) best fits the experiment
for each pentacene dimer. The insets show the molecular structures of the dimers.

electronic transition dipole moment of the “monomeric”
transitions from ground state Ig) to states Ix) and ly) that are
polarized along the short axis and long axis of the pentacene unit,
respectively, R}, R,,, and Ry, refer to the (1, 1), (2,2), and (3,
3) elements, respectively, of the Euler rotation matrix used to
relate the molecular coordinate axis of the individual monomers
in the dimer geometry (see Note S2), E, E; , and E; (i = «, y)
are the energies of the “monomeric” transition, the “out-of-
phase” and “in-phase” excitonically coupled short-axis (i = x)
and long-axis (i =y) polarized transitions in the dimer
geometry, respectively, and V,'° represents the through-space
dipolar coupling between pentacene units for short-axis (i = x)
and long-axis (i = y) polarized transitions. Similar equations can
be obtained for calculating the B terms of “short-axis” polarized
transitions to obtain the MCD spectra of the dimer
configurations (see Note S2). Although, through-space dipolar
coupling can also contribute to the observed MCD through
induced orbital angular momentum in the excited states, these
contributions are usually too small to be relevant for most
organic systems and have been ignored here.”'

As one can see in panels a and b of Figure 3, for large inter-
pentacene separation, MCD spectra of monomer and dimer
configurations are similar. With a decrease in the inter-
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pentacene separation, the through-space dipolar coupling
between the pentacene units increases, resulting in changes to
the MCD spectra. These changes in the MCD response are
sensitive to the relative orientation of the pentacene units. For a
dimer configuration in which pentacene units are held face-to-
face, an increase in dipolar coupling results in a blue-shift and a
concomitant increase in the magnitude of the bisignate MCD
response. On the contrary, for pentacenes arranged in an “edge-
to-face” configuration, an increase in dipolar coupling
predominantly affects the shape of the higher-energy negative
lobe. This is expected as the through-space dipolar coupling
between the orthogonal short-axis transitions in the “edge-to-
face” configurations is reduced.

More generally, the effect of through-space dipolar coupling
on the MCD response for different configurations of pentacene
dimers and other oligomers can be calculated (see Note S3 and
Figure S4). Comparing MCD spectra for different dimer

geometries, we estimate that the minimum value of VyTS required

for an observable change in the shape and/or magnitude of the
MCD response is ~500 cm™". This implies that for a transition
with a dipolar strength of 1 D, an inter-pentacene separation of
<1 nm is required for the MCD spectra of this transition to be
affected by through-space dipolar coupling in the dimer.

https://doi.org/10.1021/acs.jpclett.2c02061
J. Phys. Chem. Lett. 2022, 13, 8978—8986


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c02061/suppl_file/jz2c02061_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c02061/suppl_file/jz2c02061_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c02061/suppl_file/jz2c02061_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c02061/suppl_file/jz2c02061_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02061?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02061?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02061?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c02061?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c02061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

For pentacene dimers with covalently linked bridging units,
bridge-mediated through-bond interactions can be significant.
The through-bond interactions are usually approximated as a
through-bond interaction potential (VTB) that contributes to the
total electronic coupling in the system.”> Notably, very large
values of V' (<3000 cm™") have been reported for the strongly
allowed f3 transitions in covalently bridged anthracene dimers.’
To investigate whether through-bond interaction of the f
transition in pentacene dimers can influence the MCD
spectrum, we calculated the MCD spectra of pentacene dimers
by including a through-bond interaction potential (VyT ") that
contributes to the total electronic coupling (Vy) of the f

transition in the system (eq 7).
_p — (1yTS | 1B
E, =E* (Vy +V,%) (7)

While non-zero V;TS (i==x,y) can be obtained for any

VB
y
only in covalently bridged pentacene dimers with significant

through-bond interaction of the high-energy f transition. Panels

pentacene dimer configuration, can have non-zero values

c and d of Figure 3 show that even for a small value of V;,FB the

MCD spectrum changes appreciably. For instance, inclusion of

TB
vy

increase in the MCD magnitude and a small blue-shift in the
high-energy lobe. For the “edge-to-face” dimer configurations,

in the “face-to-face” dimer configuration results in an

an increase in V;,FB results in a remarkable splitting of the negative

MCD lobe at ~32000 cm™". These complementary and distinct
changes observed in the calculated MCD spectrum emphasize
its sensitivity and usefulness in differentiating through-space and
through-bond interactions in pentacene dimers.

We now compare experimental MCD spectra for different
covalently bridged pentacene dimers with the calculated MCD
spectra to investigate the extent of through-space and through-
bond interactions in these systems. The molecular structures of
the bridging units in these dimers are shown in the inset of
Figure 4. While the “bridging units” in TRBP and SPBP have
nonconjugated bonds, BNBP, BP2, and BP3 involve bridging
units with conjugated benzene rings.

Akin to their TIPS-Pc monomer, dilute solutions of all of the
covalently bridged pentacene dimers show appreciable B-type
MCD spectra as shown in Figures 2 and 4 (for the complete
spectral range, see Figures S4—S8). The shape of the MCD
spectra of the dimers is markedly different from the that of the
MCD spectra of TIPS-Pc, especially the negative lobe in the
high-energy region. While a splitting of the negative MCD lobe
is observed for dimers with homoconjugated bridges (TRBP,
SPBP, and BNBP), dimers with conjugated bridges (BP2 and
BP3) exhibit a broadened and blue-shifted negative MCD lobe.
Although not as clearly, such spectral changes can also be
concomitantly observed in the absorption spectra of the dimers
in the region of 31000—35000 cm™! (see Figures SS—S12).

Next, using the DFT-optimized geometries, we calculate the
MCD spectra for all dimers. Here, parameters such as the
energies and widths of the transitions are independently inferred
from the absorption spectra of the dimer and the through-space
dipolar coupling between the transitions is defined by the dimer
geometry. We note that the values of through-space excitonic

coupling between the long-axis polarized transitions (VyT %) used

to fit the MCD spectra of pentacene dimers agree very well with
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the calculated values of VyTS at the TD-DFT level with CAM-

B3LYP/6-31G(d,p)-optimized molecular geometries (Table

S3). The only other variable parameter used to fit the MCD

spectra is the through-bond interaction potential (VyTB)

between the f transitions. As expected, the magnitude of V;FB

affects the shape and strength of the MCD response of the
dimers. In the case of dimers TRBP, SPBP, and BNBP with an
almost orthogonal relative orientation of pentacene units, an

increase in VyTB is associated with a change in the shape and

energies of the split negative MCD lobes (Figure S12). For
dimers BP2 and BP3 with a collinear arrangement of pentacenes,

. . TB . . . .
an increase in V" results in an increase in the separation

between the positive and negative MCD lobes (Figure $12). As
shown in Figure 4, we can satisfactorily reproduce the measured

MCD spectra of different dimers to reveal how VyT B varies across

the different covalently bridged pentacene dimers.
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Figure 5. Through-space and through-bond coupling in pentacene
dimers. Magnitude of through-space coupling (VyTS), though-bond

coupling (VyTB), and total coupling (Vy) between the long-axis polarized

monomeric f transitions in different pentacene dimers obtained by
fitting the experimental MCD spectrum. The black and red dashed lines

are guides to the eye. The error bars in VyTB are determined by
comparing the calculated and experimental MCD spectra.

In Figure 5, we discuss the effect of the bridging unit on the
magnitudes of through-space coupling (VyT 5, though-bond
coupling (V;FB), and total coupling (Vy = VyTS + VyTB) between
the monomeric “#” transitions across the different pentacene
dimers. As expected, VyTS decreases with an increase in the size of
the “bridging unit”. For instance, while magnitudes of V;FS >
1000 cm™ are obtained for dimers TRBP and SPBP, the
magnitude of V;FS is atleast S times lower for dimers BNBP, BP2,
and BP3, primarily a result of the larger inter-pentacene

separation in the latter. Interestingly, VyTB follows an almost

reverse trend in comparison to VyTS for these systems. While the
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dimers incorporating conjugated bridges (BP2 and BP3) exhibit
high magnitudes of VyTB (<1000 cm™!), VyTB is almost

insignificant in dimers TRBP and SPBP that involve bridging
units constituted by ¢ bonds. Furthermore, an intermediate

value of V;B (~700—800 cm™") is obtained for dimer BNBP that

incorporates a homoconjugated “binaphthyl” bridge, consistent
with the value of through-bond coupling estimated through
circular dichroism measurements of BNBP previously.”* The

observed dependency of VyTB on the conjugation in the bridging

unit suggests that through-bond interactions in covalently
bridged pentacene dimers are of the “resonance type”, mediated
by a pathway involving the intervening bonds of the spacer. It
can thus be anticipated that the key parameter controlling the
through-bond coupling in these systems is the delocalization of
electronic density on the bridging units, as also predicted from
the McConnell model on the through-bond interactions in
covalently bridged acene-based systems.*

We have previously shown that these dimer molecules can
undergo SF in dilute solutions and that the bridging unit
modulates the rates of SF in these systems.'”*** For instance,
triplet—triplet annihilation (TTA) via an intermediate triplet
pair (TT) state has been found to be a predominant decay
pathway in dimers TRBP and SPBP,"” while it is significantly
suppressed in the case of dimers BP2 and BP3”’ and almost
completely suppressed in the case of BNBP.** These variations
in the TTA cannot be simply explained by the magnitude of
through-space dipolar coupling of the pentacene units in these
systems.'¥** We infer that the magnitude of through-bond

coupling, VyTB ,is correlated with the rate of TTA in these dimers.

Specifically, for dimers BNBP, BP2, and BP3 in which inter-
pentacene coupling is predominantly controlled by through-
bond interactions, the triplet—triplet annihilation pathway is
suppressed. It is likely that through-bond interactions in these
systems significantly affect the TTA dynamics,****** and further
study is required to confirm this hypothesis. Excited state MCD
measurements of covalently bridged pentacene dimers could be
an interesting direction for future work in unraveling the
complex role of bridge-mediated through-bond interactions in
the TTA dynamics and in turn the SF dynamics.

In conclusion, we have shown that MCD can be used as a
sensitive spectroscopic method for probing through-space and
through-bond interactions in covalently bridged pentacene
dimers. We demonstrate that through-bond interactions are
dominant in pentacene dimers involving conjugated molecules
as bridging molecules. These results are useful in understanding
the role of the bridging units in the observed SF dynamics of
these systems. We anticipate that our approach can be extended
more generally to investigate through-bond and through-space
coupling across a range of 7-conjugated systems.
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