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Understanding the Properties of Donor-Acceptor Substituted
Boron Difluoride 3-Cyanoformazanate Dyes

Francis L. Buguis,®! Paul D. Boyle,!? and Joe B. Gilroy*!?!

m-Conjugated materials offer attractive traits including semi-
conductivity, low-energy light absorption/photoluminescence,
and solution processability that render them ubiquitous within
the organic electronics field. Among many strategies for prop-
erty tuning, the creation of asymmetric electronic structures
through the installation of donor and acceptor substituents
commonly results in low-energy absorption/photoluminescence
bands. Boron difluoride formazanate dyes are readily syn-
thesized, can be asymmetrically substituted with donor and
acceptor groups, and have unexpectedly low-energy absorp-
tion/photoluminescence bands that extend into the near-
infrared. In this study, we prepared a series of donor-acceptor
substituted boron difluoride 3-cyanoformazanate dyes and com-
pared their properties to symmetric analogues. Our findings sug-

1. Introduction

Donor-acceptor (D-A) m-conjugated molecular and polymeric
systems represent a growing class of materials that have received
significant attention due to their structural modularity and
unique electronic and photophysical properties.!! Conjugated
systems, specifically dyes, that contain D and A groups are
typically designed to adopt a D-A or D-A-D electronic struc-
ture, and have been used for applications such as bioimaging
and theranostics,!?! light-emitting materials,®! and as reaction
probes.! Systems that adopt an A-D-A electronic structure have
also recently been recognized for their utility as organic semicon-
ductors (OSC) due to their enhanced photostability for organic
photovoltaics (OPV),*! and light-emitting!®! applications. In con-
trast, dyes with D-A-A’ electronic structures are relatively under-
explored compared to their symmetric counterparts, specifically
D-A-D and A-D-A motifs. Using the D-A-A" motif for OPVs leads
to enhanced chargeseparation and suppression of electron-hole
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gest that donor-acceptor derivatives are highly delocalized with
properties intermediate of their symmetric counterparts. Fur-
thermore, the data obtained suggest that the N-aryl substituents
act as donors to the strongly accepting boron difluoride for-
mazanate core, regardless of the functional groups appended to
them. These properties were reproduced computationally, and
while the frontier orbitals calculated for donor-acceptor dyes
were modestly asymmetric, there was no evidence of charge-
transfer character. This work provides significant insight into the
unexpected properties of boron difluoride formazanates and
reveals that their strongly accepting nature circumvents the pre-
dicted augmentation of electronic structure commonly observed
for donor-accepter substituted dyes.

recombination which makes them excellent candidates for fur-
ther exploration.”! As such, significant efforts have been invested
to understand structure-property relationships in existing dyes
that adopt the D-A-A’ motif.®! Furthermore, the subtle interplay
of donor and acceptor groups in D-D-A-A materials has strong
implications on their nonlinear optical properties.®’

Boron difluoride formazanates are an emerging class of
dyes that boast accessible syntheses and tunable photophysical
properties."™ Research into these dyes demonstrates their feasi-
bility for applications in areas such as photothermal therapy,™
bioimaging,/? OPVs,™! and as triplet-sensitizers."! Thus far,
structure-property studies have been limited to boron difluo-
ride formazanate dyes that adopt D-A-D and A-A-A’ electronic
structures due to their synthetic accessibility, whereby the boron
difluoride formazanate core is the central chromophore (A),
and the donor (D) and acceptor (A’) are the substituents on
the N-aryl rings.™ In a bid to shift the absorbance and pho-
toluminescence bands to the near-IR region, extension of n-
conjugation and substitution with strongly donating groups like
tertiary amines has been explored.®! The interest in uncovering
the molecular origins of the electrochemical and photophys-
ical properties of boron difluoride formazanate dyes through
experimentation and theoretical calculations is evident in the lit-
erature given that small w-conjugated molecules such as these
dyes are not expected to yield the far red and near-IR pho-
tophysical properties desired and in current use for biological
imaging applications.”! To this end, we report boron difluo-
ride 3-cyanoformazanate dyes that, on paper, possess D-A-A’
electronic structures and compare the observed experimental
properties to their D-A-D and A-A-A’ analogues in an effort to
further red-shift their absorption and emission maxima and fully
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Scheme 1. Synthesis of the title 3-cyanoformazan and their corresponding BF, formazanate dyes.

understand the origin of their highly unexpected photophysical
properties.

2. Results and Discussion
2.1. Synthesis

In describing the structures of the compounds reported in
this study, we adopted two conventions as short forms. The
first, R'-Fz-R> describes 3-cyanoformazans where R' and R® are
the substituents of the N-aryl rings and “Fz” describes the 3-
cyanoformazanate core. Similarly, R'-BF,-R® describes the boron
difluoride formazanate dyes and “BF," represents the boron diflu-
oride formazanate core. Examples of asymmetrically substituted
boron difluoride formazanate dyes have been reported,!*<'¢!
but this is the first systematic study of electronic structure
reported to date. To access 3-cyanoformazans bearing the same
R' and R® substituents, we used 2 equiv. of the corresponding
diazonium salt ([R-C¢H4-N,][Cl]), produced in situ. The syntheses
of the 3-cyanoformazans required for this study were achieved
by coupling aryldiazonium chloride salts with cyanoacetic acid
under basic conditions (Scheme 1). The asymmetric formazans
were synthesized similarly, using 1 equiv. of each corresponding
diazonium chloride salt. The syntheses of the target formazans
were characterized by a dramatic color change of the reaction
mixture, from colorless to dark orange. After purification using
column chromatography, diagnostic NH proton resonances (§:
12.05-13.01) were observed in the respective '"H NMR spectra
(Figures S1-S6). The symmetrical formazan CF;-Fz-CF; was iso-
lated from the reaction mixture used to prepare the asymmetric
derivative OMe-Fz-CF;. We attribute the low yield of the asym-
metric formazan NMe,-Fz-CF; (18%) to the relative instability of
the NMe,-substituted aryldiazonium chloride salt, as evidenced
by the persistent formation of an intractable foam. The boron
difluoride formazanate adducts were synthesized by treating
the 3-cyanoformazan precursors with excess NEt; and BF;-OEt,
(Scheme 1) to produce the respective dyes in 53-80% yields. The
loss of the diagnostic NH resonance in the corresponding 'H
NMR spectra, along with the appearance of triplet and quartet
signals in the "B and F NMR spectra (Figures S7-S14) of the
same compounds, indicated the successful transformation to the
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corresponding boron difluoride formazanate. The furnished dyes
were observed to be stable to aqueous work-up and purification
via silica gel column chromatography. In addition, solutions in
CDCl; left in ambient conditions were found to be stable for sev-
eral weeks when monitored using '"H NMR spectroscopy. Despite
our best efforts, we were unable to isolate OMe-Fz-CN in pure
form. However, its conversion to OMe-BF,-CN proceeded in the
same straightforward manner as the other boron difluoride for-
mazanate dyes reported in this study. We also attempted the
synthesis of the analogous formazan NMe,-Fz-CN, but numer-
ous attempts using a variety of reaction conditions did not lead
to isolable amounts of the desired product. We attributed this
to the instability of both the CN- and NMe,-substituted diazo-
nium chloride salts. Aryldiazonium chloride salts are known to
have poor stability.”®! The spontaneous generation of dinitro-
gen entropically favors their decomposition and leads to the
formation of a carbocation that is stabilized by strongly electron-
donating groups. This stabilizing effect is more pronounced for
amine-substituted aryldiazonium species, including Me,N-ArN,*.
In the case of CN-substituted arylamines, the strongly electron-
withdrawing nature imparted by the -CN group led to slower
conversion to the target aryldiazonium species. Consequently,
there are competing factors that affect formation of the desired
diazonium salt - specifically, the slow formation of the diazo-
nium salt requires longer reaction times that, in turn, result in
decomposition of the same diazonium salt as it is formed. We
found that decomposition of CN-substituted aryldiazonium chlo-
ride interfered with the isolation of OMe-Fz-CN in pure form,
thus, we opted for reaction conditions that produced replicable
yields. We previously demonstrated the utility of [ArN,][BF,] salts
in this context,'®! however, those protocols were not deemed
adaptable to the current library of compounds due to potential
chemical incompatibility (i.e., the required combination of n-BulLi
and CFs;/CN groups). The symmetric compounds H-BF,-H, OMe-
BF,-OMe, CN-BF,-CN, and NMe,-BF,-NMe, were synthesized
according to reported procedures.>16d!

2.2. Solid-State Structures

Crystals of several boron difluoride formazanate dyes suitable
for X-ray diffraction studies were studied to investigate their
solid-state structures (Figure 1 and Table 1). The solid-state
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structures for CF3-BF,-CF3 and OMe-BF,-CF; both crystallize in
space group C2/c where the molecule straddles a crystallo-
graphic twofold axis which passes through atoms B1, C1, C5, and
N5. This induces a 50:50 disorder in the OMe-BF,-CF; structure.
In addition, for these structures both sides of the formazanate
rings are symmetric with regard to their molecular geome-
tries. In contrast, the OMe-BF,-CN crystallizes in space group P1
with the molecule residing on a general position in the unit cell.
Analysis of the solid-state structures of these dyes revealed that
the bond lengths within the formazanate core are intermediate
of single and double bonds of the respective atoms. Struc-
tures that adopted a D-A-D motif have longer N1-N2/N3-N4 bond
lengths, such as in OMe-BF,-OMe [1.304(2) -1.307(2) A] and NMe,-
BF,-NMe, [1.3134(14) - 1.3143(14) A], than those that adopt an
A-A-A’ motif, such as in CF3-BF,-CF5 [1.2949(8) A] and CN-BF,-CN
[1.2945(15) — 1.3017(15) Al. The respective bond lengths observed
for the structures that adopt the D-A-A’ motif, such as OMe-BF,-
CF; [1.2994(10) A] and OMe-BF,-CN [1.2900(8) - 1.3115(8) A] were
not statistically different from those observed for their symmet-
ric analogues. However, we do note that the N1-N2 bond length
[1.3115(8) A] are statistically different than the N3-N4 bond length
[12900(8) A] in OMe-BF,-CN. The N1-C3/N3-C9 bond lengths are
more sensitive to the substituent at the para-position. When
compared to a typical Nip*)-Ciay bond length (~1.425 A),120
the contracted N1-C2/N3-C9 bonds observed in NMe,-BF,-NMe,
[1.4140(16) — 1.4143(16) A]"¢! point to the presence of quinoidal
character, while the same bonds were observed to be relatively

Figure 1. Top (left) and side (right) views of the solid-state structures of

boron difluoride formazanate dyes CF3-BF,-CF3, OMe-BF,-CFs, and long for CF3-BF,-CF; (1.4331(8) A) suggesting that that strongly
OMe-BF,-CN. Atomic displacement ellipsoids are shown at 50% probability. electron-donating substituents at the N-aryl rings give rise to
The hydrogen atoms are omitted, and the aryl rings are shown as quinoidal character and significantly red-shifted photophysical

wireframe structures for clarity.

Table 1. Selected bond lengths, angles, and structural metrics for the title boron difluoride formazanate dyes. Additional structural refinement data for
OMe-BF,-CF3, CF3-BF,-CF;, and OMe-BF,-CN are reported in Table S1.

Bond lengths (A) H-BF,-H5al  OMe-BF,-OMel52)  OMe-BF,-CF;  CF3-BF,-CF; NMey-BF,-NMe,!16¢)  OMe-BF,-CN - CN-BF,-CNI152)
N1 — N2 1.2900(15) 1.307(2) 1.2994(10) 1.2949(8) 1.3134(14) 1.3115(8) 1.3017(15)
N3 — N4 1.2948(15) 1304(2) - - 1.3143(14) 1.2900(8) 1.2945(15)
N2 — Cl 1.3408(17) 1340(3) 1.3384(9) 1.3368(7) 1.3315(16) 1.3259(9) 1.3289(17)
N4 — Q1 1.3379(17) 1.335(3) - - 1.3356(17) 1.3542(10) 1.3382(17)
N1 — C3 1.4344(16) 1.427(3) 1.4260(11) 1.4331(8) 1.4143(16) 1.4247(9) 1.4311(17)
N3 — C9 1.4306(17) 1.429(3) - - 1.4140(16) 1.4195(10) 1.4360(17)
N1 — Bl 1.5748(18) 1.558(3) 1.5765(11) 1.5815(8) 1.5670(17) 1.5625(10) 1.5714(18)
N3 — Bl 1.5771(17) 1.567(3) - - 1.5703(17) 1.5866(10) 1.5817(18)
Bond angles (°)

N2 — N1 — Bi 124.78(10) 124.39(18) 124.64(6) 124.68(5) 124.35(10) 124.21(5) 125.23(10)
N4 — N3 — BI 124.32(11) 124.17(17) - - 123.83(10) 123.64(6) 124.63(10)
N2 — C1 — N4 129.33(12) 130.0(2) 129.60(10)! 129.04(7)19 130.32(11) 129.63(6) 129.41(11)
N1 — Bl — N3 105.55(10) 106.85(17) 106.28(9)'c 105.80(7) 106.71(10) 106.45(5) 105.65(10)
Boron displacement (A)2) 0192 0.143 0.00 0.00 0.136 0.172 0.025
Twist angle a; ()] 26.16 21.80 10.10 121 18.51 17.09 17.06
Twist angle a; ()P 18.70 15.72 10.10 121 18.74 1.08 4.65

el Distance between the boron and the plane defined by the N4 atoms of the formazanate backbone.

b1 Angles between the planes defined by the N-aryl substituents and the N4 atoms of the formazanate backbone.

Il Although the nitrogen atoms at the 1/3 and 2/4 positions are crystallographically equivalent, the N2-C1-N4 and N1-B1-N3 labels are used for ease of
comparison.
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Figure 2. Cyclic voltammograms recorded for dry and degassed 0.1 mM
solutions of boron difluoride formazanate dyes in CH3;CN containing 0.1 M
[nBugN][PFs] as the supporting electrolyte at a scan rate of 250 mV s, The
arrows denote the initial scan direction.

Table 2. Cyclic voltammetry data recorded for solutions of the reported
boron difluoride formazanate dyes in CH;CN. Data were referenced inter-
nally to the ferrocene/ferrocenium redox couple.

Ered2 [V] Ereqn [V] Eox [VI
NMe,-BF,-NMe,!16d] -1.99 -1.03 0.25
OMe-BF,-OMels5a! -1.80 -0.68 -
NMe,-BF,-CF; -1.62 -0.64 0.68
H-BF,-Hl152] -1.68 -0.53 -
OMe-BF,-CF; -1.58 -0.49 -
OMe-BF,-CN -139 -0.45 -
CF3-BF,-CF3 -136 -0.29 -
CN-BF,-CNl1sal -120 -0.26 -

properties. The trends in the experimental (X-ray) and theoret-
ical (DFT) bond lengths for NMe,-BF,-NMe, and CF;-BF,-CF3
(Table S2) were consistent, further suggesting that the degree
of electronic communication between the formazanate core and
the N-aryl rings is particularly dependent on the identity of the
para-substituent at the N-aryl rings. Despite our best efforts,
we were not able to grow crystals of NMe,-BF,-CF; that were
suitable for analysis.

2.3. Cyclic Voltammetry

The redox behavior of the synthesized compounds was studied
using cyclic voltammetry experiments for solutions in acetoni-
trile (Figure 2 and Table 2). In all cases, we observed two
reversible one-electron reduction events within the stability win-
dow of CH;CN. The model compound H-BF,-H served as a
benchmark for the data we collected, which exhibited reduc-
tion events at Eg; = -0.53 V and Eg; = -1.68 V. The inclusion
of electron-donating substituents shifted these reduction events
to more negative potentials, as observed in the symmetrical
dyes OMe-BF,-OMe (E.q; = -0.68 V, Fq; = -1.80 V)™ and

Chem. Eur. J. 2025, 31, €202500675 (4 of 9)

NMe,-BF,-NMe; (Ereqi = -1.03 V, Eregy = -1.99 V). Conversely,
electron-withdrawing substituents led to a shift to less negative
reduction potentials, as observed in the CF3-BF,-CF3 (Eeqi = -
029 V, Ereqp = -136 V) and CN-BF;-CN (Eeqy = -026 V, Eregy =
-1.20 V) dyes. The reduction events observed for the asymmetric
compounds OMe-BF,-CF; (Eeq1 = -0.49 V, Eeq = -1.58 V), NMe,-
BF,-CF3 (Ereq1 = -0.64 V, Ereqp = -1.62 V), and OMe-BF,-CN (E eq
=-0.45V, Eeq» = -1.39 V) were positioned between their respec-
tive symmetric analogues. One reversible one-electron oxidation
event for NMe,-BF,-CF; (E,, = 0.68 V) and NMe,-BF,-NMe,
(Esx = 0.25 V) associated with the aryl amine groups was
also observed. These observations point to the strong electronic
delocalization across the whole dye structure, which was respon-
sive to the strength of electron donicity of the substituents at the
para-position of the N-aryl rings.

2.4. Absorption and Photoluminescence Spectroscopy

Absorption and photoluminescence (PL) spectroscopy experi-
ments showed that the identity of the substituent at the para-
position of the N-aryl rings could be used to tune the photo-
physical properties of these dyes, with D-A-D derivatives proving
to exhibit the lowest energy bands. Our discussion is limited to
the photophysical properties observed for solutions in toluene,
but the general trend followed suit for solutions in CH,Cl,, THF,
and CH;CN (Figure 3 and Table 3). Significant changes in the pho-
tophysical properties were not observed with respect to solvent
polarity, suggesting that mechanisms involving chargetransfer
were inoperative, including for D-A-A’ compounds where charge
transfer characteristics might be expected. Relative to our bench-
mark dye H-BF,-H, which exhibited an absorption maximum
(Aaps) @t 502 nm, the inclusion of EDGs, as in OMe-BF,-OMe (A.ps
= 572 nm), shifted the absorption maxima to lower energies. We
have previously reported that the inclusion of strongly electron-
donating substituents, as in NMe,-BF,-NMe, (X,,; = 728 nm),!"¢<!
effectively increases the extent of m-conjugation across the
dye structure leading to near-IR photophysical properties.!"6<]
As such, amine-substituted boron difluoride formazanates have
found use in applications such as photothermal theranostics and
near-IR fluorescence imaging.,'%*"'221 The CF; groups, as in CFs-
BF,-CF; (L. = 498 nm) shifted the absorption profile to higher
energies relative to our benchmark. While CN substituents are
strongly electron-withdrawing, the extension of w-conjugation
led to a small shift to lower energies, as in CN-BF,-CN (A,ps
= 515 nm).l"* The compounds bearing both donor and accep-
tor substituents had absorption maxima intermediate of their
symmetric analogues, as observed with OMe-BF,-CF; (A5 =
554 nm), NMe,-BF,-CF; (A,ps = 668 nm), and OMe-BF,-CN (A ps
= 564 nm). The wavelength of maximum PL (Ap) of these dyes
followed the same trend as the A,,s such that A~A-A’ ~ H-BF,-
H < D-A-A’ < D-A-D. The excitation spectra and excitation-PL
matrices for selected compounds are shown in Figures S15-519,
demonstrating that maximum PL occurred when the excita-
tion wavelength matched the respective A,ps. PL lifetimes (z in
Table 3) were also measured for the model and title compounds
(Table 3) in varying solvent polarities. In all cases, PL lifetimes
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Figure 3. Normalized UV-vis absorption and PL spectra of the reported
boron difluoride formazanate dyes recorded for ~5 pM solutions in dry
and degassed toluene.

were consistently longest for solutions in toluene and shortest
for solutions in CH3CN. We measured the PL quantum yield (®)
of these compounds using the integrating sphere method. For
the symmetrical dyes, we found that the inclusion of EDGs led
to an increase in @ relative to the model compound H-BF,-H,
while the inclusion of EWGs led to a decrease. The asymmetrical
dyes OMe-BF,-CF; and OMe-BF,-CN quantum yields intermedi-
ate of their respective symmetrical analogues. Interestingly, the
dye NMe,-BF,-CF; was measured to have the ® = <1% in all
solvents. We rationalize this observation with two reasons: i)
The lower energy gap between the ground state and excited
state promotes nonradiative decay according to the energy gap
law.?? and ii) this dye exhibited the narrowest Stokes shift
(vst) compared to the model and title dyes. This leads to a
relatively larger spectral overlap, thus, a higher probability of
reabsorption. Furthermore, we note that significant structural
reorganization and nonemissive excited states have previously
been implicated in the PL of boron difluoride formazanate
dyes.?!

Chem. Eur. J. 2025, 31, €202500675 (5 of 9)

2.5. DFT and TDDFT Studies

In order to rationalize our experimental results, we performed
time-dependent density functional theory (TD-DFT) calculations
at the M06/6-31+G* level of theory. Our theoretical calcula-
tions implicate the highest occupied molecular orbital (HOMO,
m-type) and the lowest unoccupied molecular orbital (LUMO,
m*-type) as the orbital pair with the highest contribution to
the absorption and PL maxima for each compound. The theo-
retical A,ps and Ap. were in good agreement with the experi-
mental values (Table 3). The orbital isosurfaces extracted from
the optimized ground- and excited-state geometries (Figures 4
and S20), respectively, revealed that the HOMOs and LUMOs
were delocalized over the entire w-systems for boron difluoride
formazanate dyes. Additionally, the frontier molecular orbitals
had significant electronic density at the para-position of the
N-aryl rings. The theoretical HOMO-LUMO gaps (Ey, Figure 5)
followed the trend of our experimental results based on their
structural motifs; A~A-A’ &~ H-BF,-H < D-A-A’ < D-A-D. Notably,
we observed modest asymmetry in the frontier orbital iso-
surfaces for asymmetric dyes OMe-BF,-CF;, NMe,-BF,-CF;, and
OMe-BF,-CN with the HOMOs having greater contributions
from the donor-substituted N-aryl rings and the LUMOs hav-
ing greater contributions from the acceptor-substituted rings.
However, there is significant overlap of the HOMO and LUMO
isosurfaces at the boron difluoride formazanate core. Together
with the results of our spectroscopic experiments, the proper-
ties discussed above point to the significant structure-property
dependence of the formazanate core to the identity of the N-
aryl rings. The highly electron-poor boron difluoride formazanate
core appeared to render our asymmetric dyes immune from typ-
ical electronic structure considerations where D-A substituents
are employed. They did not exhibit any significant charge-
transfer characteristics, and their absorption/PL bands do not
shift to lower energies than their symmetric analogues. Further-
more, although we introduced functional groups that would
generally render the N-aryl substituents as electron donating
or withdrawing, relative to the extremely electron poor boron
difluoride formazanate core they appeared to all act as electron
donors. Thus, based on conventional classifications of elec-
tron donating and withdrawing substituents, all existing boron
difluoride formazanate dyes may be best described as having
D-A-D electronic structures where the more strongly donating
N-aryl substituents led to the lowest energy absorption and PL
bands. These findings build on previous reports based on unre-
lated molecular architectures that demonstrated that strongly
accepting substituents disrupt the nonlinear optical response of
D-A polyenes.?!]

To further probe the electronic properties of the title com-
pound, the dipole moments (1) were obtained by performing
TD-DFT calculations of the vertical electronic transitions at their
optimized structure in the ground and excited states (Table 3).
In general, the dipole moments at the ground state (ugs) were
larger than the dipole moments at the excited state (Ues), thus
giving negative Ap. This was true for all solvents with vary-
ing solvent polarity. Asymmetrical dyes that adopt the D-A-A’
motif were predicted to have larger pes than pgs (positive Ap),
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Table 3. Experimental and calculated solution-state characterization data for the model and title boron difluoride formazanate dyes. The theoretical values
were obtained using TDDFT with nonequilibrium solvation at the M06/6-31+G* SCRF = PCM level.

Experiment Theory

Xabs [nm] eM™ em™1  ApInm]  zlns]  ®E[%]  vsrlnm]  vsrlem™] Agps[nm] ApL[nm] Mgs[D] Mes [DI Ap[D]
H_BFZ_HHSa]
Toluene 502 30 400 586 22 3 84 2855 469 604 592 474 -1.18
CH,Cl, 492 34 600 584 0.1 2 93 3243 463 653 6.49 5.03 -1.46
THF 489 25 400 585 0.2 1 96 3356 462 649 6.44 5.07 -137
MeCN 479 24 700 582 0.1 1 103 3695 458 672 6.70 5.20 -1.50
OMe-BF,-OMelsa!
Toluene 572 42 700 656 1.6 30 84 2239 537 670 6.60 335 -3.25
CH,Cl, 561 35 300 661 13 21 100 2697 536 653 740 354 -3.86
THF 559 33 400 662 12 18 103 2783 535 649 7.32 353 -3.79
MeCN 547 37 100 667 12 16 120 3289 532 668 773 358 -4.15
OMe-BF,-CF;
Toluene 554 35 900 631 21 15 77 2203 516 635 7.97 8.45 0.48
CH,Cl, 542 34 200 631 0.9 13 89 2602 512 614 8.56 9.50 0.94
THF 539 34 200 635 0.6 7 96 2805 5n 611 8.51 9.41 0.90
MeCN 524 33 300 636 0.1 1 12 3361 508 626 875 9.88 113
CF3-BF,-CF3
Toluene 498 27 500 579 11 2 81 2809 458 591 243 1.98 -0.45
CH,Cl, 485 28 600 570 0.1 1 85 3075 451 590 2.4 173 -0.68
THF 483 30 000 570 0.2 1 87 3160 451 588 2.4 173 -0.68
MeCN 473 33 500 563 0.2 <1 90 3380 447 600 246 174 -0.72
NMe;,-BF,-CF3
Toluene 668 37 000 760 25 <1 84 1672 582 680 12.64 12.82 0.18
CH,Cl, 672 40 100 755 0.2 <1 83 1636 584 747 14.56 15.27 0.71
THF 678 41100 768 0.8 <1 90 1728 583 740 14.40 15.06 0.66
MeCN 674 41 300 770 0.5 <1 96 1850 580 747 15.21 16.14 0.93
NMe,-BF,-NMe, 164!
Toluene 728 41 300 834 4.6 7 106 1746 638 756 10.14 8.67 -1.47
CH,Cl, 733 41 300 866 0.1 4 133 2095 652 861 n.57 9.81 -176
THF 731 38 600 855 0.2 2 124 1984 649 851 1.44 9.71 -173
MeCN 728 43 600 888 03 <1 160 2475 651 908 12.09 10.23 -1.86
OMe-BF,-CN
Toluene 564 41 600 639 1.4 26 75 2081 526 645 9.42 10.48 1.06
CH,Cl, 554 38 400 639 11 14 85 2401 524 631 10.14 n.77 1.63
THF 548 41 000 643 0.6 8 95 2696 523 628 10.09 11.66 157
MeCN 534 45 400 642 0.1 1 108 3150 519 643 10.34 12.22 1.88
CN-BF,-CNsal
Toluene 515 35 800 598 25 3 83 2695 483 610 0.47 0.10 -037
CH,Cl, 499 33 700 589 0.2 2 90 3062 473 572 0.40 0.05 -0.35
THF 497 41100 590 0.2 2 93 3172 473 571 0.41 0.03 -0.38
MeCN 473 35 900 591 0.1 1 18 4221 467 578 0.38 0.12 -0.26
@ Determined using an integrating sphere.

suggesting that the excited state for these compounds was more
polarized compared to symmetrical analogs. Dyes that adopted
the A-A-A’ motif (i.e, CF3;-BF,-CF; and CN-BF,-CN) were also
predicted to have the lowest u values. Taken together, these the-
oretical findings were consistent with and corroborate the results

Chem. Eur. J. 2025, 31, €202500675 (6 of 9)

from experimental spectroscopy such that the optical proper-
ties of the title dyes do not depend significantly on solvent
polarity. Furthermore, EWGs lead to more even distribution of
electron deficiency, thereby lowering p values, while EDGs intro-
duce regimes of higher electron density (thus, higher p values),
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Figure 4. Frontier molecular orbitals of the optimized ground-state structures of the model and title boron difluoride formazanate dyes calculated at the
MO06/6-314+-G* level of theory.
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Figure 5. Energies (eV) of the frontier molecular orbitals at the
ground-state geometry of boron difluoride formazanate dyes calculated at
the M06/6-314+G* level of theory with nonequilibrium solvation in toluene.

highlighting the electron-deficient nature of the formazanate
core.

3. Conclusion

We report the synthesis and characterization of asymmetrically
substituted boron difluoride 3-cyanoformazanate dyes that were
suggested to have D-A-A’ electronic structures and corroborate
our experimental observations using theoretical computations.
These dyes exhibited photophysical and electrochemical prop-
erties intermediate of their D-A-D and A-A-A’ analogues and
notably did not benefit from charge-transfer characteristics that
might be expected to lead to significantly red-shifted absorption
and PL maxima. The molecular origins of the observed proper-
ties relate to the extremely electron-poor nature of the boron
difluoride formazanate core, which, in essence, renders the N-
aryl substituents as electron donors compared to the strongly
accepting boron difluoride formazanate core, regardless of their
para-substituents. Thus, the properties observed were primar-
ily dictated by the boron difluoride formazanate core and the
degree of electronic (resonance) delocalization associated with
the N-aryl substituents, rather than charge-transfer arguments
typical of D-A architectures.

This study enhances the understanding of the far-red
and near-IR photophysical properties of boron difluoride for-
mazanate dyes, which are completely unexpected for molecules
with such small 7-systems, and leads to the discovery of new
derivatives which are of significant interest for bioimaging and
theranostics development. Furthermore, this study suggests that
D-A design strategies are not universal and that the nature of
the central chromophore requires careful consideration. In this
case, the boron difluoride formazanate core precludes access
to charge-transfer characteristics and limits the efficacy of this
design strategy. These considerations are likely applicable to
other systems with strongly electron-poor or electron-rich cores
and will inform the design of forthcoming materials within the
field.
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