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Excitation Spectra of Dibenzoborole Containingz-Electron Systems: Controlling the
Electronic Spectra by Changing the g—a* Conjugation
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We report time-dependent density functional theory calculations of the vertical excitation energies for the
singlet states of three-coordinate 5H-dibenzoborole (DBB) derivatives and four-coordinate 5-fluoro-5H-
dibenzoborole ion (FDBB) derivatives. These molecules show remarkable hypsochromic (blue) shifts in their
fluorescence spectra and bathochromic (red) shifts in their absorption spectra when the bridging boron atoms
change their coordination number from three to four. We constructed a series of derivatives of DBB and
FDBB and studied how the energies of the electronic excitations change. The states with prominent oscillator
strength in all of the DBB and FDBB derivatives show similar shifts of their excitation energies upon
coordination. The three-coordinate DBB derivative 5-(2,4,6-triisopropylphenyl)-2,8-dimethoxy-3y7dkjsE
diphenylamino)phenyl]-5H-dibenzadp]borole has an intense absorption at 3.25 eV, which shifts in the four-
coordinate FDBB derivative 5-fluro-5-(2,4,6-triisopropylphenyl)-2,8-dimethoxy-3, pHil8N-dip henylamino)-
phenyl]-5H-dibenzo[d,b]borole ion to 3.17 eV. The experimental absorption peaks are 3.43 and 3.31 eV,
respectively. In addition, we investigated and analyzed the nature of these electronic excitations using
attachment/detachment density plots, with which we characterized the changes in electron density that arose
from the excitations.
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Boron-containingz-conjugated extended systems have been H_.,,.
investigated both experimentally and theoretically for the last C Q O O Q Q O

fifteen years because of their extensive applications in opto-
electronics and in materials that can be used in information W W
processing.1* Some suggested applications for using boron-

containing molecular devices include chemical sensors, fluo- mode A mode B

rescence switches and probes, nonlinear optical devices, moFigure 1. The “on/off’ control of the p—z* conjugation in the LUMO

lecular photonic wires, optical gates, optoelectronic devices, andof DBB/FDBB z-electron systems. Adapted from ref 25.

photonic devices. Some of these materials show remarkable

fluorescence phenomena and were recently used in the fabricadelocalization from “mode A” to “mode B,” as shown in Figure

tion of molecular switche® 17 Boron-containingz-conjugated 1. The resulting LUMO in mode B is still delocalized over the

systems also have been investigated for use in the designcarbon framework, though, as in a normatonjugated system.

synthesis, and characterization of material and technological The previously studied DBB and FBDD derivativishe three-

applications8-23 coordinate 5-(2,4,6-triisopropylphenyl)-2,8-dimethoxy-3,7-bis-
In this paper, we report a series of theoretical calculations [p-(N,N-diphenylamino)phenyl]-5H-dibenzdp]borole and the

on the structural properties and excited electronic spectra of afour-coordinate 5-fluro-5-(2,4,6-triisopropylphenyl)-2,8-dimethoxy-
series of dibenzoborole derivatives. Three-coordinate 5H- 3,7-bisp-(N,N-diphenylamino)phenyl]-5H-dibenzdj]borole
dibenzoborole (DBB) and four-coordinate 5-fluoro-5H-diben- anion are listed in Tables 1 and 2 and in Figures 2 and 3 as
zoborole anion (FDBB) represent the basic skeleton structuresmolecules? and18, respectively. Few experimental results have
for the series. The three-coordinate and four-coordinate DBB/ been reported for the absorption and fluorescence spectra of
FDBB compounds exhibit remarkable fluorescence/absorption DBB compounds$>3132n addition, only two theoretical studies
changes, which can be employed to create an “on/off” fluores- of electronic spectrum of DBB compounds have been re-
cence device controllable by changing the-g* conjugation. porteds3334

The p,—x* conjugation between the vacantgrbital on a three-

coordinated boron atom and th# orbital of the attached carbon ~ Computational Details and Methods

s-conjugated moiety is responsible for this unique prop#rts?

In the system the “on/off” control of the,p-7* conjugation

by the addition of a donor molecule, such as a fluoride ion,
changes the lowest-unoccupied molecular orbital (LUMO)

Density functional theory (DF Py 38 has become a prominent
tool in computational chemistry to predict a variety of ground-
state properties of molecules. DFT does not require significantly
more computer resources than a HartrEeck calculation and

*To whom correspondence should be addressed. E-mail: therefore, in general, is much more efficient than the post-
drg51@ra.msstate.edu. Hartree-Fock methods. Since DFT methods have been accepted
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Figure 2. Structures of the three-coordinate DBB derivatives.
TABLE 1: TDDFT Excitation Energies (in eV) for the Most

Intense Excitations in the Three-Coordinate BBD Derivatives
Calculated Using B3LYP/6-3HG*

attached groups

energy and

no. R R> X  state oscillator strength
1 H H H 3B 4.84 (0.91)
2 H —ph H 4B 4.75 (0.67)
3 H —CH;s H 4A" 4.85 (0.91)
4 H —CN H 3B 4.79 (0.75)
5 H —C=CH H 3B, 4.77 (0.76)
6 —ph —ph H 5B 4.04 (1.31)
7 —phNph2 —(2,4,6-Tri-Pr)ph —Ome 4A’ 3.25(0.97)

TABLE 2: TDDFT Excitation Energies (in eV) for the Most
Intense Excitations in the Four-Coordinate FDBB
Derivatives Calculated Using B3LYP/6-3%G*

attached groups

energy and

no. R R2 X D state oscillator strength
8 H H H F 1A” 4.17 (0.25)
9 H —ph H F 1A' 4.17 (0.23)
10 H —CHjs H F 1A" 4.15 (0.26)
11 H —CHjs H —CHz; 1B, 4.19 (0.30)
12 H —CHs H —CN 1A" 4.26 (0.29)
13 H —CN H —CN 1B 4.32 (0.24)
14 H —CN H F 1A’ 4.25(0.27)
15 H H H —CN 1A" 4.27 (0.28)
16 H —C=CH H F 1A" 4.20 (0.26)
17 —ph —ph H F 1A' 3.38(0.91)
18 —phNph2—(2,4,6-Tri-Pr)ph—OMe F 2A 3.17 (1.15)
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Figure 3. Structures of the four-coordinate DBB derivatives.

systemg'849with a much smaller computational cost than the
wave-function-based post-HartreEock ab initio methods.
Although in principle TDDFT can be an exact theory, in practice
it is an approximate method due to the use of the adiabatic
approximatiod®4%and the approximate nature of the standard
(TD) exchange-correlation functionals used. Standard density
functionals do not yield a potential with the correct long-range
Coulomb tail*®-56 Therefore, excited states that sample this tail
(for example, diffuse Rydberg states and some charge-transfer
excited states) are not given accuraf8i$tHence, TDDFT can
only be safely employed for low-lying valence excited states
that are well below the first Rydberg state of the molecule.

To help understand the nature of the electronic excitations,
we have performed attachment/detachment density analyses on
the states with oscillator strengths of greater than 0.1. The
attachment/detachment density pt6&8 pictorially represent the
hole and particle densities of an electronic transition and thus
can be used to characterize the excitations. The difference

as an inexpensive and reasonably accurate method that rectifieslensity matrix is diagonalized and decomposed into its negative
many of the problems inherent in the Hartrdeck approxima- and positive semi-definite parts. The negative part is called the
tion, great interest has arisen in extending DFT to excited detachment density matrix, because this part corresponds to the
electronic states. Currently, the most successful and widely usedground-state density that is removed during the excitation. The
method to calculate excitation energies within DFT is time- positive part is the attachment density, which is the density
dependent DFT (TDDFT)?45 In recent years TDDFT has added upon excitation. In other words, the detachment density
emerged as a reliable standard tool for the theoretical treatments that part of ground-state density, which is replaced by the
of electronic excitation spectra, and recent work demonstratesattachment density to form the excited-state density. As a result
the good accuracy for a wide range of systéffs The primary the attachment/detachment density plots define the nature of
advantage of TDDFT is that it can be applied to fairly large transition5%-63
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TABLE 3: Other TDDFT Electronic Excitations (in eV) electronic excitation energies below 5.0 eV for the molecules
below 5.0 eV That Have Oscillator Strengths of at Least 0.1 we studied are located in the Supporting Information. This
Calculated Using B3LYP/6-31G somewhat arbitrary cutoff was chosen to eliminate those states
molecule state, energy, and oscillator strength with substantial Rydberg character (as indicated by their
2 2A 3.82 (0.29), 4B 4.75 (0.67) attachment densities) that possessed significant oscillator strength.
4 2B, 3.46 (0.10), 2A4.55 (0.11), 384.79 (0.75) Molecule1, which is DBB, has a prominent absorption peak
g %ﬁlféo?? (0.11), 2A4.62 (0.12), 384.77 (0.76) at 4.84 eV, and molecul&, which is FDBB, has its main
.83 (0.26), 5B 4.04 (1.31), 6B 4.25 (0.29) . : . .
7 1A" 2.33(0.14), 4A 3.25 (0.97), 7A 3.71 (0.41), absorption at 4.17 eV. All the pairs of molecules showlthls basic
8A" 3.89 (0.38), 94 3.95 (0.26), 124 4.21 (0.52) pattern that, when a molecule goes from a three-coordinate boron
13 1B, 4.32 (0.24), 2B4.49 (0.11) system to a four-coordinate boron system, the absorption shows
17 1A" 3.38 (0.91), 9A4.47 (0.13) a red shift. The three-coordinate DBB derivatives5 show
18 2A 3.17 (1.15), 5A 3.36 (0.18), 20A 3.92 (0.17),

prominent absorption peaks gathered around 4.8 eV. The four-
coordinate FDBB derivative8—16 show prominent absorptions

All of the calculations were performed with a development 9gathered around 4.2 eV. Molecul6s7, 17, and18 also show
version of the Q-Chefi quantum chemistry program. The the same pattern but with lower energies. Because of their
geometry optimizations of the ground states of DBB and FDBB attached phenyl groups, these molecules have much more
derivatives were performed with the B3LYP functiofia$® extendedr systems. In addition, these molecules show some
which has been shown to be effective at accurately predicting €xtra peaks arising from the inclusion of the additional phenyl
geometries and ground-state energies. All calculations have beer@roups. However, they keep a similar pattern of red shifts for
carried out using the 6-31G* basis sef™ % This basis set their main excitations. Since the excitation energies for the major
should be sufficient for these calculations, considering the size absorption lines did not vary significantly, we can conclude that
of the molecules studied and considering that geometry opti- the primary features of the excitation spectra depend on the basic
mizations and vibrational frequency calculations were carried DBB structure and not on the identities of the attached groups.
out. The biggest of these systems, molecdlesnd18, contain To investigate the nature of these electronic excitations, we
131 atoms, 486 electrons, and 1452 basis functions and 132performed attachment/detachment density calculafib¥sig-
atoms, 496 electrons, and 1471 basis functions, respectively.ures 4 and 5 give the attachment/detachment densities for the
After the optimized structures were obtained, TDDFT calcula- most intense excitations of moleculks?, 8, and18. The plots
tions were carried out using the same functional and basis set.show the 90% density enclosure isosurface. For better illustra-
The attachment/detachment densities were also calculated withtion, the values were scaled up by a factor of 100. The electron
the same functional and basis set and then plotted for all density that remains unchanged between the ground state and

22A 3.95 (0.11), 25A 3.96 (0.12), 26A 3.97 (0.10)

significant excitations. the excited state during excitation does not appear in the density
_ _ plots. The plot%® represent the attachment/detachment densities
Results and Discussion of the electronic excitations that belong to the most intense peaks

In this section we present and discuss the results for the and that are subject to a red shift in the absorption spectra when
excitation energies of both the three-coordinate DBB and four- the coordination number of the borons changes. The detachment

coordinate FDBB derivatives. The three-coordinate boron in densities are placed above the arrow, and the attachment
DBB is inherently electron poor and is a stromgelectron densities are shown below the arrow. Figure 4a shows the
acceptor because of its vacantabital; this orbital can also  attachment/detachment densities of moleclilevhich is the
lead to significant delocalization when conjugated with an Dasic borole skeleton. We can compare its attachment/detach-
adjacent organicr-system. The boron ,porbital is readily ment densities with the attachment/detachment densities of
attacked by an electron pair from a donor molecule to form a Molecule? (Figure 4b), which was the experimentally studied
four-coordinate boron compound. After the attack, which SyStem:®Here we see that the attachment/detachment densities
changes the hybridization from % sg, the bridging boron ~ @round the basic borole skeleton are very similar in both
atom no longer participates effectively in the conjugation of Molecules, which means that the electron density comes from
the adjacent-system. The vacantprbital on the boron atom ~ @nalogous initial locations and goes into analogous final
of DBB, along with thes* orbital of attached carbom-con- locations. Thus, we can assign the two peaks as arising from
jugated moieties, is responsible for thispr* conjugation. The ~ the same physical excitation, and therefore the prominent peak
addition of a donor molecule, in this case a fluoride ion, changes ©f the spectrum of the moleculéarises from the basic borole
the LUMO delocalization and breaks the-pr* conjugation. skeleton. Further, we can see the same nature in the attachment/
The nature of the jp-r* conjugation of three-coordinate and ~ detachment densities for all of the electronic excitations that
four-coordinate systems is easily interpreted by plotting the @Ppearin Table 1. The attachment/detachment density plots for
LUMO orbitals, as shown in Figure 1. these molecules are included in the Supporting Information.
The most intense vertical singlet excitation energies for all  Figure 5a shows the attachment/detachment densities for
of the DBB derivatives are shown in Table 1 and those for all molecule8, which is the four-coordinate FDBB basic skeleton
of the FDBB derivatives are shown in Table 2. These molecules compound. Figure 5b shows the attachment/detachment densities
are represented graphically in Figure 2 for the DBB derivatives for molecule18, which was the other experimentally studied
and Figure 3 for the FDBB derivatives. Our choice of molecules system® We again interpret parts a and b of Figure 5 as
allowed us to investigate the effects of various electron-donating showing similar attachment/detachment densities around the
and -withdrawing groups on the excitation energies. For this borole ring system, meaning these excitations also have similar
aim, we used—CHs;, —CN, —C=CH, and—ph as subsistuent  electronic character. Here we have chosen to focus on only the
groups. In addition to their most intense excitations, some of attachment/detachment density plots that belong to the most
the molecules show extra electronic excitations with significant prominent peaks for molecules 7, 8, and 18. Attachment/
oscillator strength. In Table 3, we summarize those other detachment density plots for all the excitations listed in Tables
excitation energies for the DBB and FDBB derivatives. All 1—3 appear in the Supporting Information section. Notice that
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(b)
Figure 5. Calculated attachment/detachment densities for molecules
(a) 8 and (b)18.

(b)

Figure 4. Calculated attachment/detachment densities for molecules the four-coordinate fluoride-substituted molecli&has its first

(a) 1 and (b)7. absorption band with dnax of 3.31 eV. The calculated value
from Table 2 is 3.17 eV. All calculated values are within 0.25

in Figure 4a no detachment density is on the boron atom in eV of the experimental values, which is in reasonably good

moleculel but that some attachment density does appear on agreement with the experiment results.

this boron atom. This means that the empjyopbital on the Additionally, molecule7 and18 show fluorescence peaks at

boron atom in the three-coordinate molecule participates in the 2.21 and 2.96 eV, respectively, when exposed to 365-nmght.

excitation process. When the excitation occurs, electron density According to our calculations for molecufeas shown in Table

goes to the boron atom from elsewhere in the molecule. This 3, the 1A’ state at 2.33 eV has an oscillator strength of 0.14.

gives rise to the intense peak in the three-coordinate moleculesThis energy is close to the location of the measured fluorescence

However, neither attachment nor detachment density can bepeak. Though the 4Astate at 3.25 eV gives the most intense

found on the boron atom in molecu&in Figure 5a. In the absorption peak, we consider it likely that, after excitation, the

four-coordinate molecules, as can be seen from the density plotsmolecule relaxes from the 4Astate to the 1A state, and

the excitations do not involve density transfer to the boron therefore the origin of the fluorescence in molecilés the

atoms. Therefore, the intense peaks in the four-coordinate 1A" state. On the other hand, the most intense peak of molecule

molecules arise from a different origin. 18 is thefirst excited state. Since no other excited states are
Recently, Yamaguchi et &%.have reported both absorption below the 2A state, the fluorescence must occur from the bright
and fluorescence spectra for molecufesnd18 in tetrahydro- state. Therefore, it appears that the large difference in the

furan (THF). The three-coordinate moleculeshows a first fluorescence spectra of moleculésand 18 is caused by the
absorption band with &, 0f 2.58 eV and a second band with  fact that the most intense states are the fifth and the first excited
a Amax Of 3.43 eV. Our calculated values for the electronic states, respectively. Going from a three-coordinate to a four-
excitations with prominent oscillator strengths are 2.33 eV for coordinate boron atom has eliminated the low-lying excited
the first band and 3.25 eV for the second band. Experimentally, states. This effect appears to be general. From the data in Figure
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3 and the Supplementary Information, it can be seen that all of  (10) Shirota, Y.; Kinoshita, M.; Noda, T.; Okumoto, K.; Ohara,JT.
the three-coordinate molecules include a state of intermediateAm(-lf)hi?é Sé’%oloevﬁz 151032-1'Putzer VL Bartholomew. G. P Bu. X
oscillator strength significantly below the bright state. In i "Bazan. G. cJ Am. 3;18;“3'50,2000’ 122 3969. T
contrast, for all but one of the four-coordinate molecules, the  (12) Lee, B. Y.; Bazan, G. Cl. Am. Chem. So@00Q 122, 8577.
bright state is the lowest state. The one counterexample,12%2)33Ysamaguchl, S.; Akiyama, S.; Tamao, K.Am. Chem. So200Q
Bngl;cu\l/elbl, Ihas ";‘hs'”g'? shtftetv‘;'th ﬁ_?:o ofscnlator strengthtonly (14) Yamaguchi, S.; Shirasaka, T.; TamaoQ¥g. Lett.2000 2, 4129.

U5 eV below the bright state. lherefore, we €xpect any  (15) yamaguchi, S.; Shirasaka, T.; Akiyama, S.; Tamad, am. Chem.

molecule built upon this dibenzoborole skeleton to show a large Soc.2002 124, 8816.

blue shift in its fluorescence upon complexation. ZoéllﬁzloRgg%Ck, K.; Kollmannsberger, M.; DaubAhgew. Chem., Int. Ed.
. (17) Franzen, S.; Ni, W. J.; Wang, B. H. Phys. Chem. 2003 107,
Conclusions 12942.

. . . (18) Entwistle, C. D.; Marder, T. BAngew. Chem., Int. EQ002 41,
Boron-containing organig-conjugated systems have recently 5957

attracted increasing attention as a new classraflectron (19) Wehmschulte, R. J.; Diaz, A. A.; Khan, M. Rrganometallics
materials for optoelectronics. In this work we have computed 2003 22, 83. _ _
properties and the ground-state absorption spectra of derivatives, %?G%%?viitﬁ ,SH'.\/"F;.;D',\'/'%’:aeKr" l?r Eﬂﬂﬁg%p‘;ba; : Oé}all\tﬂérf‘%r(;r?se.ta’
of boron-containing organict-conjugated compounds. Our 2003 4395.
calculations are in reasonably good agreement with experiment.  (21) Kubo, Y.; Yamamoto, M.; Ikeda, M.; Takeuchi, M.; Shinkai, S.;
The coordination number of the bridging boron atom affects Ya(rgg?uljn'vzs-gfipaiov Kg}gv‘\fl";’h(:hgr_”é;gt- DEcZ)?'O:)i(SeZ’ é0_3$-u W
the extent of the conjugation system. The_refore, the conjugation ¢i“y’ chem.Eur. J.zgo'oal'g, 507%’. N o P T T e
can be changed by varying the coordination number. Extension (23) Briere, J. F.; Cote, MJ. Phys. Chem. 2004 108 3123.
of the conjugation influences both the absorption and fluores- Chgrﬁ)lgvgiffll%es'b glark, G. M.; Leung, T.; Whitney, C. @. Organomet.
cence spectra, with the major d_|fferences of the absorption (25)- Eiseh. J. J.; Galle, J. E.; Kozima, 5.Am. Chem. Sod.986 108
spectra between the three-coordinate DBB molecules and theg;g
four-coordinate FDBB anions being a red shift and a decrease (26) Budzelaar, P. H. M.; Van der Kerk, S. M.; Krogh-Jespersen, K.;
in the intensity. It has been shown that the primary properties Schleyer, P. v. RJ. Am. ChemSoc.1986 108 3960.
of the electronic spectrum are based on the basic borole skeletorgogzz)gg%'slc{‘iJl'é]"{fhaf“' B.; Odom, J. D.; Rheingold, AJLAm. Chem.
structure. Comparison of attachment/detachment density plots ™ (2g) Byun, Y. G.; Saebo, S.: Pittman, C. U., IrAm. Chem. S04991
can explain the nature of electronic excitations that lead to the 113 3689.
most intense peaks. The prominent peaks of all DBB derivatives  (29) Sugihara, Y.; Yagi, T.; Murata, I.; Imamura, &.Am. Chem. Soc.
show si_milar attac_hm_ent/detachment d(_ans_ities, which means thallg?go)lléaéﬁ?; U.. Lagowski, J. B.: Pickup, P. G.: Poirier, R Synth.
they arise from similar electronic excitations. The prominent met. 1998 96, 177.
peak of all FDBB derivatives, which is subjected to the red  (31) Koster, R.; Benedikt, G.; Fenzl, \Bustus Liebigs Ann. Chert967,
shift, also show similar attachment/detachment densities. Finally, 702 197. . o
the blue shift in the fluorescence upon complexation can be lzfi)zéq‘?se‘ P. A Plers, W. E.; Patrick, B..DAM. Chem. So@000
interpreted as arising from the disappearance of the low-lying  (33) Armstrong, D. R.; Perkins, P. Gl. Chem. Soc. AL966 8,
excited states in the four-coordinate ions. 1026.
(34) Allinger, N. L.; Siefert, J. H.J. Am. Chem. Socl975 97,
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