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Donor-substituted 2-(2arylsulfonamidophenyl)benzimidazoles undergo efficient excited-state intramolecular
proton transfer (ESIPT) upon photoexcitation. The tautomer emission energy depends strongly on the substituent
attachment position on the fluorophoresystem. While substitution with a donor group in {hera-position

relative to the sulfonamide moiety yields an emission energy that is red-shifted relative to the unsubstituted
fluorophore, fluorescence of thaetasubstituted derivative appears blue-shifted. To elucidate the origin of

the surprisingly divergent emission shifts, we performed detailed photophysical and quantum chemical studies
with a series of methoxy- and pyrrole-substituted derivatives. The nature and contribution of -sebleie
interactions on the emission properties were analyzed on the basis of solvatochromic shift data using Onsager’s
reaction field model, Reichardt’s empirical solvent polarity s&a#30), as well as KamletAbboud-Taft's

empirical solvent index. The studies revealed that all ESIPT tautomers emit from a moderately polarized
excited-state whose dipole moment is not strongly influenced by the donor-attachment position. Furthermore,
the negative solvatochromic shift behavior was most pronounced in protic solvents presumably due to specific
hydrogen-bonding interactions. The extrapolated gas-phase emission energies correlated qualitatively well
with the trends in Stokes shifts, suggesting that setstdvent interactions do not play a significant role in
explaining the divergent emission energy shifts. Detailed quantum chemical calculations not only confirmed
the moderately polarized nature of the ESIPT tautomers but also provided a rational for the observed emission
shifts based on the differential change in the HOMO and LUMO energies. The results gained from this study
should provide guidelines for tuning the emission properties of this class of ESIPT fluorophores with potential

applications in analytical chemistry, biochemistry, or materials science.

Introduction moiety displayed a peak emission energy that is red-shifted
. . relative to the unsubstituted parent fluorophbrevhile emission
Excited-state intramolecular proton transfer (ESIPT) repre- ot the metasubstituted derivative3 appeared blue-shifted
sents an intriguing photophysical process that can be exploited(Chart 1)%0
for the design of fluorescent labé&t$ and probes for sensing

changes in pH,membrane potentiat: lipid bilayer structuré? Understanding of the origin of the observed emission shifts

electric field10 local hydrationtL12 temperaturé? as well as in relation t(_) the substituent attachmenf[ pos_ition is key for the
aniort*and metal catiogh'>-22 concentrations. Fluorophores that rational de§|gn of ESIPT fluorophores with t_aulore.d photophysi-
undergo ESIPT are typically composed of a proton donor and cal pr'opert|es. In. prmuple, the dlvergen't shllfts might be caused
acceptor connected through an intramolecular hydrogen bond.PY differences in excited-state polarization that would be
Upon photoexcitation, the proton moves toward the acceptor particularly pronounced in polar solvents such as water through
moiety, thus generating a phototautomer that fluoresces with isotropic solute-solvent interactions. Alternatively, differences
an unusually large Stokes shift at lower energy. Although N the strengths of the intramolecular hydrogen bond might
numerous studies have been devoted to understanding fundainfluence the excited-state energetics and extent of geometrical
mental aspects of the ESIPT process, most of the work focusedr€0rganization in the course of the proton-transfer process, thus
on unsubstituted fluorophore platforfs?® Recent studies ~ resulting in substantially different Stokes shifts. Finally, it would
demonstrated that the peak emission energies of the ESIPTP€ also conceivable that the energy of the frontier orbitals
phototautomer of substituted 24@rylsulfonamidophenyl)-  involved in fluorescence emission might be differentially
benzimidazole® and 2-(2-hydroxyphenyl)benzazol@sdepend affected by the a.ttac.hment position of the substituent. To
not only on the nature of the substituent but also on its evaluate the contribution of each of these effects and thus to
attachment position on the fluoropharesystem. Variation of ~ €lucidate the true nature of the divergent phototautomer emission
the latter revealed a surprisingly divergent shift of the respective shifts ofpara- vs metasubstituted 2-(2arylsulfonamidophenyl)-
emission energies. For example, compouhdaontaining a benzimidazoles, we decided to perform detailed photophysical
methoxy group in th@ara-position relative to the sulfonamide and quantum chemical analyses of tpara- and meta
substituted methoxy-derivativés and 3 as a case study. In

* To whom correspondence should be addressed: Telephone: 404-385-addition, we utilized the pyrrole derivativésand5 to explore
1164/fax: 404-894-2295. E-mail: fahrni@chemistry.gatech.edu. whether hydrogen-bonding interactions with the methoxy oxy-
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Intramolecular Proton Transfer

CHART 1
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gen lone-pair electrons are important for the photophysical
properties of2 and 3 in protic solvents.

Experimental Section

Synthesis.Fluorophoresla/b, 2a/b, and 3a/b were synthe-
sized following published procedur&s3*NMR: ¢ in ppm vs
SiMey (0 ppm,tH, 400 MHz), br= exchange broadened signal.
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of the reaction (TLC) the mixture was filtered through a pad of
Celite and concentrated under reduced pressure, affording 60
mg (0.22 mmol, 84% vyield) of amin&2 as a tan solid: mp
163-165°C; R 0.65 (EtOAc-hexanes, 1:2)H NMR (DMSO-

ds, 400 MHz)6 6.24 (t,J = 2.2 Hz, 2H), 6.91 (dJ = 8.7 Hz,

1H), 7.22-7.23 (m, 2H), 7.25 (t) = 2.2 Hz, 2H), 7.37 (ddJ

= 8.7, 2.5 Hz, 1H), 7.567.64 (m, br, 2H), 8.00 (dJ = 2.5

Hz, 1H); MS (70 eV)m/z 274.1 (M*], 100), 246.1 (8), 137

(9); EI-HRMS calculated forfM*] C17H14N4 274.1219, found
274.1208.

d. {4-[2-(1H-Benzimidazol-2-yl)-4-pyrrol-1-ylphenylsul-
famoyl]phenoxy} acetic Acid Ethyl Ester (4a). A solution of
aminel2 (54 mg, 0.20 mmol) and ethyl (4-chlorosulfonylphe-
noxy)acetat¥ (14, 66 mg, 0.24 mmol) in anhydrous pyridine
(1 mL) was stirred fo 2 h atroom temperature. The reaction
mixture was diluted with aqueous HCI (1 M, 5 mL) and
extracted twice with EtOAc (10 mL). The combined organic
extracts were dried with MgSfand concentrated under reduced
pressure. The crude product was purified on silica gel (FC,

MS: selected peaks; m/z. Melting points are uncorrected. Flashgigac—hexanes 1:2), providing 45 mg (0.087 mmol, 44%

chromatography (FC): Merck silica gel (24@00 mesh).
TLC: 0.25 mm, Merck silica gel 60 J,, visualizing at 254
nm or with 2% KMnQ solution.

a. 2-Nitro-5-pyrrol-1-yl-benzaldehyde (8).In a Schlenck
tube 2-nitro-5-bromobenzaldehydé6, 500 mg, 2.17 mmol),
freshly distilled pyrrole (133 mg, 1.97 mmol, 0.137 mL),

yield) of 4aas a tan solid: mp106°C dec;R; 0.25 (EtOAc-
hexanes, 1:2)*H NMR (CDCl, 400 MHz)6 1.23 (t,J = 7.1
Hz, 3H), 4.17 (qJ = 7.1 Hz, 2H), 4.65 (s, 2H), 6.21 (d,=
8.9 Hz, 2H), 6.36 (t) = 2.1 Hz, 2H), 7.06-7.12 (m, 4H), 7.32
7.37 (m, 2H), 7.46-7.47 (m, 3H), 7.81 (br, 1H), 7.83 (d,=
9.5 Hz, 1H), 9.98 (s, br, 1H), 11.20 (s, br, 1H); MS (70 eV)

palladium acetate (4.4 mg, 0.02 mmol), xantphos (34 mg, 0.059 m/z 516.1 (M*], 48), 273.1 (100); EFHRMS calculated for

mmol), and potassium carbonate (817 mg, 5.91 mmol) were
mixed in 5 mL ofo-xylene. The mixture was degassed and the
tube refilled with argon. After heating at 12C overnight, the
mixture was cooled to room temperature, washed with water,
and extracted with EtOAc. The combined organic extracts were
dried over anhydrous MgSfand concentrated under reduced
pressure. The residue was purified on silica gel (FC, EtOAc
hexanes, 2:9) providing 367 mg (1.7 mmol, 78% yieldBafs
a yellow solid: mp 7476 °C. R; 0.47 (EtOAc-hexanes, 2:9);
IH NMR (CDCls, 400 MHz) 6 6.46 (t,J = 2.2 Hz, 2H), 7.22
(t, J= 2.2 Hz, 2H), 7.69 (ddJ = 8.9, 2.6 Hz, 1H), 7.89 (d]
= 2.6 Hz, 1H), 8.27 (dJ = 8.9 Hz, 1H), 10.53 (s, 1H); MS
(70 eV)m/z 216 (IM™], 100), 186 (31), 158.1 (23), 141.1 (52),
130 (30), 115.1 (38); EtHRMS calculated forfj1*] C11HsN2Os
216.05349, found 216.05407.

b. 2-(2-Nitro-5-pyrrol-1-yl-phenyl)-1H-benzimidazole (10).
A mixture of aldehyde (200 mg, 0.925 mmol)p-phenylene-
diamine (120 mg, 1.11 mmol), acetic acid (0.08 mL, 1.4 mmol),
and copper(ll) acetate monohydrate (183 mg, 0.92 mmol) in
20 mL of ethanotwater (1:1) was refluxed overnight. The

[MT] Ca7H24N40sS 516.1467, found 516.1417.

e. {4-[2-(1H-Benzimidazol-2-yl)-4-pyrrol-1-ylphenylsul-
famoyl]phenoxy} acetic Acid (4b). Ester 4a (40 mg, 0.077
mmol) was dissolved in THF (1.5 mL), and a solution of LiOH
H>O (97 mg) in MeOH-water (1:1, 3 mL) was added. The
resulting mixture was heated under reflux # h and then
cooled to room temperature. After removal of the organic solvent
under reduced pressure, the reaction mixture was diluted
with water (2 mL). Aqueous HCI (1 M) was added until the
product started to precipitate. The product was filtered off,
washed with little water, and dried in vacuo, affording 38 mg
(0.082 mmol, 99%) of acidib as a tan solid: mp>130 °C
dec;Rs 0.44 (MeOH-CH,Cly, 1:3); "H NMR (DMSO-ds, 400
MHz) 6 4.68 (s, 2H), 6.31 (tJ = 2.2 Hz, 2H), 6.92 (d]J =
9.0 Hz, 2H), 7.33-7.37 (m, 2H), 7.41 (tJ = 2.2 Hz, 2H),
7.67—7.70 (m, 4H), 7.72 (br, 2H), 8.26 (s, 1H), 13.22 (br, 2H);
MS (70 eV)mVz 488.1 (M*], 23), 273.1 (100), 299 (79); E
HRMS calculated for M1*] CasH20N4OsS 488.1154, found
488.1141.

reaction mixture was cooled to room temperature and quenched f. 2-Nitro-4-pyrrol-1-yl-benzaldehyde (9). 2-Nitro-4-bromo-

by addition of 10 mL of concentrated aqueous JJH. The
mixture was extracted with EtOAc, and the combined organic
extracts were dried (MgSand concentrated under reduced
pressure. The residue was purified on silica gel (FC, EtOAc
hexanes, 1:3), affording 85 mg (0.28 mmol, 30% yield) of
benzimidazole derivativé0 as a tan solid: mp210°C dec;
Rr 0.18 (EtOAc-hexanes, 1:3}H NMR (DMSO-ds, 400 MHz)
0 6.39 (t,J = 2.2 Hz, 2H), 7.27 (br, 2H), 7.64 (br, 2H), 7.64 (t,
J=2.2 Hz, 2H), 7.97 (ddJ = 8.9, 2.5 Hz, 1H), 8.150 (d] =
8.9 Hz, 1H), 8.154 (dJ = 2.5 Hz, 1H), 13.02 (s, 1H); MS (70
eV) m'z 304.1 (M*], 100), 287.1 (83), 262.1 (23), 257 (12),
155.1 (15), 141 (15); EtHRMS calculated forl1*] C17H1oN4O,
304.0960, found 304.1004.

. 2-(1H-Benzimidazol-2-yl)-4-pyrrol-1-ylphenylamine (12).
A solution of 10 (80 mg, 0.26 mmol) in 8 mL of ethanol was

benzaldehyd® (7, 250 mg, 1.09 mmol) was converted to pyrrole
derivative9 as described for the synthesis &fyielding 102
mg (0.47 mmol, 43% vyield) 09 as a yellow solid: mp 113
115°C; R; 0.18 (EtOAc-hexanes, 1:9}H NMR (CDCls, 400
MHz) 6 6.47 (t,J = 2.0 Hz, 2H), 7.22 (tJ = 2.0 Hz, 2H),
7.76 (dd,J = 8.5, 2.2 Hz, 1H), 8.07 (d) = 2.2 Hz, 1H), 8.09
(d,J=8.5Hz, 1H), 10.40 (s, 1H); MS (70 eWyz216.1 (M1],
100), 186.1 (64), 141 (78), 130.1 (50), 115.1 (42)-BERMS
calculated for M*] C11HgN2O3 216.0535, found 216.0544.

g. 2-(2-Nitro-4-pyrrol-1-yl-phenyl)-1H-benzimidazole (11).
Aldehyde9 (102 mg, 0.47 mmol) was converted to benzimi-
dazole derivativd 1 as described fat0, providing 114 mg (0.37
mmol, 80% vyield) ofl1 as a yellow solid: mp>200°C (dec);

R: 0.26 (EtOAc-hexanes, 1:2)H NMR (DMSO-ds, 400 MHz)
0 6.37 (t,J= 2.0 Hz, 2H), 7.23-7.26 (m, 2H), 7.587.62 (m,

hydrogenated at atmospheric pressure in the presence of Pd o2H), 7.65 (t,J = 2.0 Hz, 2H), 8.07 (d,) = 8.5 Hz, 1H), 8.13

activated carbon (5 wt %, 13 mg) as catalyst. Upon completion

(dd,J = 8.5, 2.4 Hz, 1H), 8.31 (d] = 2.4 Hz, 1H), 13.06 (s,
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br, 1H); MS (70 eV)m/z 304.1 (M*], 100), 287.1 (18), 141
(15). EFHRMS calculated for M*] C17H12N40, 304.0960,
observed 304.0937.

h. 2-(1H-Benzimidazol-2-yl)-5-pyrrol-1-yl-phenylamine (13).

NitrocompoundL1 (110 mg, 0.36 mmol) was reduced to amine

13 as described for the synthesis 1, yielding 76 mg of13
(0.28 mmol, 77% yield) as a tan solid: mp 25355 °C; R
0.67 (EtOAc-hexanes, 1:1*H NMR (DMSO-ds, 400 MHz)
0 6.28 (t,J = 2.1 Hz, 2H), 6.90 (ddJ = 8.5 Hz, 2.4 Hz, 1H),
6.98 (d,J = 2.4 Hz, 1H), 7.16-7.23 (m, 2H), 7.34 (1) = 2.1
Hz, 2H), 7.45 (s, br, 2H), 7.50 (d, b#,= 7.6 Hz, 1H), 7.64 (d,
br,J = 7.6 Hz ,1H), 7.92 (dJ = 8.6 Hz, 1H), 12.69 (s, 1H);
MS (70 eV)m/z 274.1 (M*], 100), 246.1 (12); EFHRMS
calculated for M*] C17H14N4 274.1219, found 274.1211.

i. {4-[2-(1H-Benzimidazol-2-yl)-5-pyrrol-1-yl-phenylsul-
famoyl]phenoxy} acetic Acid Ethyl Ester (5a). Amine 13 (20

mg, 0.073mmol) was reacted with ethyl (4-chlorosulfonyl-
phenoxy)-acetaté 14 as described above for the synthesis of

43a, affording 25 mg (0.048 mmol, 66% yield) &a as a tan
solid: mp 193-195 °C; R 0.55 (EtOAc-hexanes, 3:2)iH
NMR (CDCls, 400 MHz)6 1.30 (t,J = 7.1 Hz, 3H), 4.27 (q,
J = 7.1 Hz, 2H), 4.60 (s, 2H), 6.32 (8, = 2.1 Hz, 2H), 6.62
(d, J = 8.9 Hz, 2H), 6.88 (tJ = 2.1 Hz, 2H), 7.05 (ddJ =
8.5, 2.1 Hz, 1H), 7.18 (d] = 2.1 Hz, 1H), 7.23-7.26 (m, 2H),
7.50 (d,J = 8.9 Hz, 2H), 7.52-7.55 (m, 2H), 7.65 (dJ = 8.6
Hz, 1H); MS (70 eV)m/z 516.1 (M*], 28), 365.1 (9), 274.1
(100), 273 (50), 212.1 (28); EIHRMS calculated for 1]
Co7H24N40OsS 516.1467, found 516.1460.

J- {4-[2-(1H-Benzimidazol-2-yl)-5-pyrrol-1-ylphenyl-sul-
famoyl]phenoxy} acetic Acid (5b).Ethyl ester5a (10 mg, 0.019
mmol) was hydrolyzed as described for the synthesidlpf
yielding 10 mg (0.082 mmol, 99% yield) of ackb as a tan
solid: mp>190°C (dec);R 0.53 (MeOH-CH,Cly, 1:3); H
NMR (DMSO-ds, 400 MHz) 6 4.69 (s, 2H), 6.35 (tJ = 2.1
Hz, 2H), 6.96 (d,J = 9.0 Hz, 2H), 7.3+7.37 (m, 4H), 7.51
(dd,J=8.3, 1.6 Hz, 1H), 7.657.73 (m, 3H), 7.75 (dJ = 8.9
Hz, 2H), 8.13 (dJ = 8.8 Hz, 1H), 13.40 (s, br, 2H); FAB-MS
(thioglycerol) m/z 489 (M*], 13), 327 (25), 274.1 (18), 273
(17), 237 (100); EFHRMS calculated forM*] C2sH2:N4OsS
489.1233, found 489.1268.

Steady-State Absorption and Fluorescence Spectroscopy.
All sample solutions were filtered through 0.48n Teflon

membrane filters to remove interfering dust particles or fibers.

UV —vis absorption spectra were recorded at°Z5using a
Varian Cary Bio50 U\~vis spectrometer with constant-tem-

Wu et al.

pKa value determination. The electrode potential was measured
with the Corning pH/ion analyzer 355, and the emf measure-
ments were reproducible with- 0.1 mV accuracy. For the
determination of the pKs of a compound, a series of UWis
spectra were acquired for whicklog[H3O%] was varied
between 3 and 10. The emf of each solution was directly
measured in the quartz cell and convertee-tog[Hs;O™] using
E° and the slope as obtained from the electrode calibration
procedure described above. The raw spectral and emf data were
processed via nonlinear least-squares fit analysis using the
SPECFIT software packadéproviding deconvoluted spectra
for each species present as well as the acidity constants for the
relevant protonation equilibria.

Computational Methods. Quantum chemical calculations
were performed for the unsubstituted parent compdloand
the methoxy-substituted derivatives and 3c using the Q-
Chen?8 computational package. The ground statg) €juilib-
rium geometries for each compound were optimized at both ab
initio Hartree-Fock (HF) and density functional theory (DFT)
levels. The first excited singlet states)8orresponding to the
excited proton-transfer (PT) tautomers were modeled using post-
HF configuration interaction including singly excited determi-
nants (HFCIS). The diffuse 3-21G(d,p) (3-2H-G**) basis set
was used in conjunction with HF methods, while the split
valence polarized 6-31G(d) (6-31G*) basis set was employed
with DFT considering the B3LYP hybrid exchange correlation
functional®® The corresponding Hessian calculation was carried
out for each optimized structure. The MOLEKEL software
packagé® was used to visualize all molecular orbitals and
electron attachment/detachment densities produced from Q-
Chem plot data. The vertical excitation energies, stajea(d
transition (M) dipole moments, and oscillator strengfhsvere
obtained using the semiempirical intermediate neglect of dif-
ferential overlap (INDO) Hamiltonigl in combination with a
configuration interaction scheme including singly excited
configurations (SCI) with an active space including 24 occupied
and 24 unoccupied molecular orbitals, implemented in ZINDO.
To account for extrinsic solvent effects, INDO (SCI) was
combined with the self-consistent reaction field (SCRF) méefthod
for solvents methanol (MeOH) and water»(®) as implemented
in ArgusLab?3

Results and Discussion

1. SynthesisThe parent compountiand the two methoxy-
substituted derivative® and 3 were synthesized following
recently published proceduré&sFluorophores4 and 5 were

perature accessory. Steady-state emission and excitation spectrgbtained from the corresponding pyrrole-substituted aldehyde
were recorded with a PTI fluorimeter and FELIX software. For precursor® and9, respectively, both of which were synthesized
all measurements the path length was 1 cm with a cell volume through palladium-catalyzed amination of the corresponding
of 3.0 mL. The fluorescence spectra have been corrected forpromine derivative$ and7 (Scheme 1). Coupling of aldehydes
the spectral response of the detection system (emission correcg and9 with 1,2-phenylenediamine using copper(ll) acetate as
tion file provided by instrument manufacturer) and for the mild oxidant yielded the corresponding benzimidazole deriva-
spectral irradiance of the excitation channel (via calibrated tives10and11, respectively. After palladium-catalyzed hydro-
photodiode). Quantum yields were determined using quinine genation of the nitro group at ambient pressure, the resulting
sulfate dihydrate in 0.5 M pBOs as fluorescence standard  amines12 and 13 were reacted with sulfonyl chlorid&14 to
(@ = 0.54+ 0.05)3 give the desired sulfonamide substituted fluorophetasind
Determination of pK, Values. Measurements were per- 5a, respectively. While the ester derivativies—5awere suitable
formed with a combination glass microelectrode (Orion, Thermo for solvatochromic shift studies in organic solvents, their
Electron Corp, Waltham, MA). The electrode was calibrated solubility was insufficient for aqueous solution experiments. For

for —log[H3O*] by titration of a standardized HCI solution
(Aldrich, 0.1 N volumetric standard) with KOH (Aldrich, 0.1
N volumetric standard) at 25C and 0.1 M ionic strength (KCI).

the latter purpose, the corresponding acid derivatiles5b
were used which were obtained by hydrolysis of the ethyl esters
1la—5b with lithium hydroxide in methanetwater.

The end point, electrode potential, and slope were determined 2. Protonation Equilibria. Deprotonation of the sulfonamide

by Gran’s metho# as implemented in the software GLEE.

nitrogen in 2-(2-arylsulfonamidophenyl)benzimidazole deriva-

The calibration procedure was repeated three times prior to eachtives results in a strong bathochromic shift of the lowest energy
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SCHEME 1

_ =

NH,
NO, NO, NO, N
CHO CHO !
N _ Pd(OAc), N NH, NN
| + CNH | H
45, - = S/

R xantphos A Cu(OAC),*H0 R/ 7
5 K2COs, o-xylene AcOH, EtOH-H,0

6 Ry=5Br 8 R = 5-pyrrolyl (78%) 10 R = 5-pyrrolyl (30%)
7 Ry=4-Br 9 R = 4-pyrrolyl (43%) 11 R = 4-pyrrolyl (80%)

Et00C™ 0 Hooc™ ™0

Et00C" N0
H, PA-C Ay 14 sogl o LioH o
| P H _ ‘ A H I X H
EtOH /" pyridine I MeOH, H,0, THF I

12 R = 5-pyrrolyl (84%) 4a R = 5-pyrrolyl (44%) 4b R = 5-pyrrolyl (99%)
13 R = 4-pyrrolyl (77%) 5a R = 4-pyrrolyl (66%) 5b R = 4-pyrrolyl (99%)

absorption banéé28 A comparison of the absorption spectra in the metaposition relative to the sulfonamide group showed
of fluorophoresla—5a is therefore only meaningful if the  a UV—vis spectrum that is, with the exception of overall red-
spectra represent a well-defined protonation state. We deter-shifted bands, qualitatively very similar compared to the
mined therefore the U¥vis traces for the fully deprotonated spectrum of the analogous methoxy-substituted fluoropBlore
species B~ and the monoprotonated species1ffom a series Interestingly, bothmetasubstituted derivatives88b and 5b
of pH titrations by means of spectral deconvolution, which at revealed an additional low-energy band centered aroune- 360
the same time also yielded th&pvalue of the sulfonamide 370 nm (Figure 1, parts c and e, left). On basis of photophysical
nitrogen for each derivative. The corresponding deconvoluted studies on structurally related 24RBydroxyphenyl)benzimida-
spectra for each fluorophore are shown in Figure 1 (left), and zole derivative¥44 this band originates most likely from a
a compilation of the protonation constants together with selected prototropic tautomer that is already present in the ground state
photophysical data for the deprotonated and monoprotonatedequilibrium (vide infra). The fully deprotonated specie¥ L
species is given in Table 1. showed for all derivativedb—5b a substantially red-shifted
The measurediq, values of the sulfonamide nitrogen range absorption maximum compared to the monoprotonated species
between 7.3 and 8.3, and depend strongly on the attachmentLH™ (Figure la-e, left, dashed traces). The bathochromic shift
position of the donor-substituent (Table 1). Compared to the was strongest for the pyrrole-substituted fluorophélsend5b,
parent compoundb, substitution with a methoxy-group in the  followed by the 5-methoxy-substituted derivat®ie, while the

para-position to the sulfonamide group raised th&,; oy 0.3 spectrum of the 4-methoxy-substituted derivatBlerevealed
units (compound2b), while substitution in themetaposition no significant changes compared to the parent compdimd
lowered it by 0.4 units (compoun®b).3® The observed Fluorescence Spectra While attachment of a methoxy-

differences follow closely the expectation based on the interplay substituent to the central benzene ring resulted only in minor
between resonance stabilization and inductive effects. While for changes of the absorption spectra, the fluorescence emission
the para-substituted derivativ@b, the electron-donating reso- maxima were altered significantly compared to the unsubstituted
nance contribution outweighs the inductive effect imposed parent compoundb (Figure 1, right). When excited at 300 nm,
through the electronegative oxygen, the reverse situation isall derivativeslb—5b showed a single emission band with large
present for themetasubstituted compound@b. Similarly, the Stokes shifts ranging between 9120 to 13 430 t(Table 1).
sulfonamide group of th@ara-substituted pyrrole derivative  Upon deprotonation of the sulfonamide nitrogen at high pH,
4b is less acidic compared to iteetasubstituted analo§b; the fluorescence maxima of all derivatives were shifted by more
however, both K,'s are significantly lower compared to the than 2000 cm! to higher energy, indicating disruption of the
unsubstituted parent compouhd. These data indicate that the ESIPT process that was responsible for the large Stokes shifted
pyrrole group acts in the ground state primarily asaccepting emission band at neutral pH. Notably, none of the derivatives
substituent with a stronger electron-withdrawing inductive exhibited dual emissioff, suggesting that formation of the
component compared to thkedonating resonance contribution.  ESIPT tautomer is very efficient and compromised by neither
3. Absorption and Fluorescence Spectra in Aqueous  solvent hydrogen-bonding interactiéhsior ground-state sta-
Solution. UV—Vis Spectra.According to previous studies, the  bilization of a rotamer that cannot undergo ES#¥ Further
photophysical properties of 2-¢2rylsulfonamidophenyl)benz-  inspection of the emission energy trends revealed a surprising
imidazole fluorophores are significantly influenced by donor difference. While for the 5-methoxy-substituted derivatRle
or acceptor substituents attached to the fluorophesgstem:© the fluorescence emission of the ESIPT tautomer appears at
While the deconvoluted absorption spectra corresponding to thelower energy by 1620 crt compared to the parent compound
monoprotonated species tHshowed only small changes for  1b (Figure 1b), the 4-methoxy-substituted derivatBeshowed
the methoxy-substituted fluorophor2b and 3b compared to a hypsochromic shift by 1145 crh (Figure 1c). As apparent
the parent compountb (Figure la-c, left, solid traces), the  from the data in Table 1, the observed shifts of the tautomer
pyrrole-substituted derivativéb revealed a substantially dif- emission energies are primarily an expression of changes in
ferent spectrum indicating significant electronic interactions Stokes shifts, thus indicating significant differences in the
between the pyrrole-ring and the fluoropharesystem (Figure relaxation energetics of the initially formed FrargRondon
1d, left). In contrast, derivativéb containing the pyrrole-ring  state. It is conceivable that the opposing shifts might be a result



4588 J. Phys. Chem. A, Vol. 111, No. 21, 2007 Wu et al.

wavelength [nm] electrons were to play a key role in dictating the tautomer
S A AR AP B AETN P S T emission energy, we would expect a significantly different
behavior for the pyrrole-substituted compouridsand5b. In
these derivatives, thBl-pyrrolyl-substituent can still act as a
s-donor, but the nitrogen lone-pair is now an integral part of
the aromatic heterocycle rendering H-bonding induced confor-
mational changes energetically highly unfavorable. As is evident
from Figure 1, parts d and e (right), the pyrrole-substituted
derivatives revealed qualitatively the same trends as observed
for the methoxy-substituted fluorophor@s and 3b, namely
an increased emission energy for the 4-substituted derivative
5b, and a decreased energy for the 5-substituted derivabive
Hence, it is unlikely that conformational differences through
H-bonding interactions with the methoxy-group are responsible
for the opposing emission energy shifts.

Ground-State Tautomer Equilibriunto further clarify the
nature of the low-energy absorption band that is observed for
derivative 3b but absent ir2b, we acquired the fluorescence
emission spectra ddb in aqueous solution atlog[Hs;0"] =
6.0 covering a broad excitation energy range between 26-000
40 000 cntl. At this proton concentration, the fraction of
monoprotonated species CHvs fully deprotonated ¥ is
greater than 97%. A contour plot of the emission intensities
revealed a symmetrical profile with a single emission maximum
centered at 437 nm (22883 c#) throughout the entire
excitation energy range (Figure 2a), suggesting that only one
emitting species is formed regardless of the excitation energy.
Normalized individual slices of the contour plot at various
excitation energies are identical within experimental error and
further support the presence of a single species undergoing
excited-state radiative deactivation (Figure 2b). If the low-energy
absorption band were due to the presence of ground-state
rotamers that cannot undergo ESIPT, excitation into this band
should yield emission with a normal Stokes shift at significantly
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i e) higher energy. The absence of such a high-energy band together
15\ A with the uniform nature of the emission profile suggests that
] Y the monoprotonated species Ll engaged in a ground-state
1.0 \ equilibrium between the protonated sulfonamide and its proto-
] tropic imino tautomer, which is usually only formed through
05 intramolecular proton transfer upon photoexcitation. Excitation
: into the low-energy absorption band thus yields the same
L S B R emissive species as formed through ESIPT at higher excitation
40 % e,?;’,gy [103 c,f,s-q energies. Quantum chemical calculation additionally confirmed
Figure 1. Deconvoluted UV-vis absorption spectra (left) and normal- that . .the ground-st.ate imino tautomer IS more effectively
ized fluorescence emission spectra (right) of fluorophore:1ta)b) stabilized by attaching a donor-substituent in the 4- rather than
2D, (c) 3b, (d) 4b, and (e)5b in aqueous solution (0.1 M KCI, 2%C). 5-position of the central benzene ring (see section 5.1).
UV —vis traces for the species with protonate¢) @nd deprotonated The surprisingly divergent dependence of the emission energy

(---) sulfonamide group were obtained through deconvolution of a series _ i ; ;
of spectra with pH ranging between 6 and 10. The emission spectraon the donor-attachment position may be simply a reflection of

were directly recorded at pH 6.6-] and 11.0 () without deconvo- & increased or decreased excited-sta_lte. polarizatjon. Particularly
lution analysis (excitation at the isosbestic point). in polar solvents such as water, variations in dipole moment
differences between ground and excited states would be expected
of different solvation modes of the methoxy substituent. tO significantly alter the corresponding Stokes shifts. Alterna-
Naturally, the methoxy group would be expected to adopt a tively, the divergent emission energy trends could originate from
coplanar conformation with regard to the benzene ring. Such a@ solvent-independent effect. For example, the attachment
conformation benefits from resonance stabilization through Position of the donor substituent might differentially stabilize
s-donation of the oxygen |One_pair e|ectr0nsl while at the same excited vs ground state of the emissive ESIPT tautomer, thus
time still offering a nonbonding orbital for H-bonding interac- leading to large variations in the Stokes shifts. To explore the
tions with the solvent. However, H-bonding interactions with first possibility we performed a systematic solvatochromic shift
the second lone-pair of oxygen might outweigh the resonance analysis, while the latter scenario was investigated by quantum
stabilization, particularly in a strongly H-bonding solvent such chemical calculations (vide infra).
as water. Consequently, the methoxy substituent would be 4. Solvatochromic Shift StudiesSolvatochromism is a direct
rotated out-of-plane, thus acting assaaccepting rather than  consequence of solvensolute interactions, either through
m-donating group. If conformational differences mediated specific, anisotropic interactions of the fluorophore with solvent
through H-bonding interactions with the methoxy lone-pair molecules in the first solvation shell, or through nonspecific,
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TABLE 1: Protonation Constants and Photophysical Data of Benzimidazole Derivatives 1b5b in Aqueous Solutior?

species data 1kP 2b 3b 4b 5b
pKaz [L2)[H]/[LH ] 8.04+ 0.03 8.34+ 0.02 7.60+ 0.01 7.69+ 0.01 7.28+ 0.01
PKaz [LH]H*Y/[LH 5] 450+ 0.04 454+ 0.05 4.79+0.01 4.32+0.05 4.44+ 0.02
L2 absorptiof Ama(nm) 301 (1.59) 305 (1.10) 302 (1.62) 277 (2.28) 310 (1.61)
329 (1.09) 334 (0.70) 329 (1.54) 339 (0.76) 340 (1.43)
excitatior! Amax (NM) 296 297 330 337 (sh) 310
emissioff! Amax (NM) 418 444 396 438 404
quantum yielé! 0.26 0.27 0.06 0.32 0.32
Stokes shift (cm?) 6470 7420 5140 6660 4660
LH- absorptiof! Ama(nm) 299 (1.23) 298 (1.00) 305 (1.57) 270 (2.36) 316 (1.72)
303 (sh)
excitationAmax (nm) 300 295 308 n/a 321
€missioMmax (NM) 460 497 437 485 444
Stokes shift (cm?) 11 700 13430 9640 12 380 9120
quantum yielé! 0.23 0.14 0.17 0.16 0.13
LH, absorptiof Ama(nm) 290 (1.31) 292 (1.07) 303 (1.69) 272 (2.35) 316 (1.79)

20.1 M KClI, 25°C. " Data from ref 16°From deconvolution analysis, molar extinction coefficientfL0mol~* cm™] in parentheses! pH
11.20, 0.1 M KCI.2 Quinine sulfaten 1 N H,SO, as standard.
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) o . Figure 3. Normalized UV~vis absorption (left) and fluorescence
Figure 2. Fluorescence emission profiles for fluoroph@ie (0.1 M emission spectra (right, excitation at peak absorption energy) for
KCI, —log[Hs0"] = 6.0). (a) Two-dimensional fluorescence contour  gerivatives (a)la (b) 2a and (c)3a, in selected organic solvents
plot showing the emission profile as a function of excitation energy. jjystrating the solvatochromic shift behavior (solvent legend : no. 1

(b) Normalized emission spectra for selected emission energies. 1,4-dioxane, no. 6 ethylacetate, no. 10 butyronitrile, no. 11 acetonitrile,
no. 13 ethanol). For comparison, the fluorescence emission spectra of

isotropic interactions in which the solvent is assumed to act as the water-soluble compounds, 2b, and3b in aqueous buffer (pH

dielectric continuum® The complexity of intermolecular solvent 6.0, 0.1 M KCI) have been also included (dashed traces).

solute interactions has led to the development of numerous

theories as well as empirical approaches to interpret the acids used for the photophysical studies in aqueous solution. A

solvatochromic shift behavior of a molecule. Such analyses cancompilation of all peak energies is given in Tables—&B

provide significant insights into the role of dipetelipole ~ provided with the Supporting Information. To illustrate the

interactions, H-bonding, and other intermolecular interactions trends in solvatochromic shift behavior, Figure 3 shows the

in the ground and excited states of a fluorophore. normalized absorption and fluorescence emission spectra of the
For the following solvatochromic shift studies, the BVis methoxy-substituted compoun@s and 3a compared to the

and fluorescence emission spectra of each fluorophore wereunsubstituted parent compourit in a few representative
acquired in a set of 15 solvents. To avoid artifacts caused by solvents.

partial dissociation of the carboxylic acid moiety in polar As is evident from Figure 3 (left), the various solvents have
solvents, the experiments were carried out with the ethyl esteronly little effect on the appearance and peak energies in the
derivativesla, 2a, 3a, 4a, and5a rather than the carboxylic UV —vis absorption spectra, revealing overall a slight increase
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Figure 4. Correlation of the peak emission energies of derivatiae

2a, and3awith the solvent polarity parameté(e,n). The plotted linear

regression line does not include acetonitrile (no. 11) and any protic

solvents (nos. 1215). The solvent numbering scheme and values for
_/(e,n) are given in Table S1 provided with the Supporting Information.
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in energy with increased solvent polarity. The observed, small
negative solvatochromic shifts suggest a slightly decreased
dipole moment in the FranekCondon excited-state compared
to the ground state for all three compounds. The differences in
the peak fluorescence emission energies are slightly more
pronounced, exhibiting also negative solvatochromic shifts for
all three fluorophores. It is worthwhile mentioning that protic
solvents appear to induce a stronger blue shift than would be Figure 5. Lir_1ear regrgssion analysis of _the solvatochromi_c emission
expecied solly based on ther polarty. For example, for all S £201ing o Ry 00) cnpiics sohent oty sl
three derivatives, the emission energy |.n.ethanol s higher by substituted compoundi and3a. (b) Linear correlation for compounds
more than 500 cm compared to butyronitrile, despite the fact 45 andsa. For ease of comparison, the data for the unsubstituted parent
that both solvents have nearly identical dielectric permittivities compoundla are included in both graphs.

of 24.55 and 24.56, respectively.

To further explore and quantify differences between the three and 3a. Linear regression analysis reveals a good correlation
derivatives regarding the importance of H-bonding vs dipole  for all non-protic solvents, while the emission energy is
dipole interactions on the Stokes shifts and emission energies significantly offset in H-bond donating solvents such as butanol,
we analyzed the solvatochromic shift data by means of ethanol, methanol, or water (solvent nos—12%). This behavior
Onsager’s reaction field mod&l Reichardt’s empirical solvent  is independent of the position of the methoxy-substituent
polarity scaleEr(30),*® as well as KamletTaft's empirical attached to the central benzene ring. In fact, all three derivatives
solvent index® la—3aexhibit similarly flat slopes in Figure 4, suggesting only

Onsager’s Reaction Field Modéh this model, the solute is  small and uniform changes in the dipole moments between
considered to be located in a cavity of defined size and its excited and ground states. From this analysis, we can conclude

2.0+

1.9

—0— 4a

5a

R

1.8
0.0

T T T T T
0.2 0.4 0.6 0.8 1.0
solvent parameter E¢(N)

permanent dipole moment is responsible for polarization of
surrounding solvent molecules, which in turn gives rise to a
field that electrostatically interacts with the solute, thus leading

that the observed divergent dependence of the emission energy
on the donor-attachment position cannot be explained in terms
of variations in dipole moment differencég: between excited

to a net stabilizatiod! If the solute dipole moment is altered and ground states of the emissive phototautomer.
upon excitation, the ground and excited states are differently Reichardt’s F(30) Sobent Scale.This empirical solvent
stabilized which leads to the solvatochromic shift behavior. In polarity scale is based on the negative solvatochromism of a
general, fluorophores with large dipole moment changes betweenpyridinium N-phenolate betaine dye as a probe molecule, and
ground and excited-state exhibit also a strong solvatochromism.is particularly useful for the analysis of the solvent dependence
Hence, if isotropic electrostatic soluteolvent interactions are  of UV—vis absorption and emission energtésAlthough
the primary source of the observed solvatochromism, the Stokessolvatochromic shift correlations with solvent parameters based
shift, absorption, or emission energy should correlate linearly on a single molecule probe are inherently limited to reveal
with the solvent polarity parameté(e,n) according to eq % solute-solvent interactions that are specific to the probe, such
correlations benefit from the fact that the properties of the
1) reference system are well understood and clearly defined. For
example, the basic character of the betaine dye probe is known
to cause more pronounced shifts in H-bond donor solvents. As
a consequence, Reichardt®N(30) polarity scale includes
specific solvent acidity effect$. As is evident from Figure 5
and Table 2, the solvatochromic shifts of the peak emission
energies of all five fluorophoreka—5a correlate well with the
ErN(30) solvent polarity scale. Even the emission energies
measured for the corresponding water-soluble derivatibes

v = m/(€,,n) + constant
with

e—1 n*-1
2¢+1 o411

Aeun) =

A plot of the peak emission energy vs the solvent polarity
parametey(e,n) is shown in Figure 4 for fluorophoreks, 23,
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TABLE 2: Fitted Parameters for the Regression Analysis of the Solvatochromic Peak Fluorescence Emission Shifts According
to the E1(30) Empirical Solvent ModeP

parameter la 2a 3a 4da 5a
slope [cnT]P 1605 (148) 1882 £:147) 1941 £166) 1597 £127) 1803 £:145)
intercept [cnT']P 20 140 ¢68) 18222 68) 21 114 £76) 18 966 £58) 20 658 £67)
correlation coeff 0.949 0.962 0.956 0.961 0.960

2 Linear regression includes all 15 solvents listed in Table®Standard deviation in parentheses.

TABLE 3: Fitted Parameters for the Multiple Regression Analysis of the Solvatochromic Peak Fluorescence Emission Shifts
According to the Kamlet—Abboud—Taft Empirical Solvent Model

parameter la 2a 3a 4a 5a
dielectric interactions (s, [cnd!) 369 (+=198) 580 (262) 386 (208) 304 €182) 388 212)
H-bonding donor (a, [crm]) 842 (+91) 910 ¢:121) 977 (-96) 824 (84) 904 ¢-98)
H-bonding acceptor (b, [cnd]) 224 (+199) 540 (263) 322 (209) 349 €183) 330 ¢214)
vo [cm™ 20221 ¢163) 18131 £216) 212154171) 19010 £150) 20727 £175)
correlation coeff 0.976 0.968 0.980 0.977 0.976

5b (solvent no. 15) in aqueous buffer agree well with an overall solvatochromic emission shifts of all five derivatives. In
linear fit. As also observed for the correlation with Onsager’'s agreement with the Onsager reaction field analysis, the polar-
reaction field model, the slope of the linear regression is very izability parameters is relatively small and remains within
similar for all five derivatives, indicating similar strengths of experimental error almost identical across all five derivatives.
the solute-solvent interactions regardless of the nature of the Furthermore, the gas-phase emission energigsorrelate
substituent on the central benzene ring. In contrast, the interceptqualitatively well with the trends in Stokes shifts, further
for both 4-substituted derivative8 &nd5) is shifted to higher corroborating the previous conclusion that sottgelvent
energy compared to the parent compounavhile the 5-sub- interactions do not play a key role in explaining the peculiar
stituted derivative® and4 are shifted to lower energy. This  donor-substituent effects on the emission energies.
observation further supports our earlier conclusion that the 5. Quantum Chemical Calculations.In order to investigate
divergent emission behavior between the 4- and 5-methoxy- whether the observed dependence of the emission shifts on the
substituted derivatives is not caused through specific or non- substituent position correlates with the intrinsic electronic
specific solvent interactions but must be routed in differences properties of the excited proton-transfer tautomer, we performed
of their respective electronic structures (vide infra). In addition, a series of quantum chemical calculations. The observed
the excellent correlation with Reichardt's empirical solvent emission shifts were more pronounced for the methoxy- than
polarity scale unequivocally confirms the importance of H-bond the pyrrole-substituted compounds; therefore, the computational
donor solventsolute interactions for understanding the observed studies focused exclusively on the 4- and 5-methoxy-substituted
solvatochromism. fluorophores and the unsubstituted parent compound as a
Kamlet-Abboud-Taft's sobent index (KAJ.8 The solva- reference. To further reduce computational costs, the pendent
tochromic shift analysis according to Onsager’s model demon- carboxymethyl-substituents (OGHCOOR) were replaced with
strated the importance of anisotropic interactions for this methoxy groups (OCH yielding the corresponding model
fluorophore class; however, it did not provide any information compoundd.c, 2c,and3c (Chart 1). Variation of the substituent
to quantify these interactions relative to nonspecific dielectric at the tosyl ring had a negligible effect on the resulting
contributions. Kamlet and Taft proposed a multiple linear geometries or transition energies for which deviations were on
regression approach that can be used to correlate a set othe order of<0.05 eV (data not shown).
solvatochromic shift data with additional solvent-dependent 5.1 Structural Studies.The geometries of the neutral ground
parameters. According to this model the BVis absorption or states (9 of the three model compounds, 2c, and3c were
emission energies are fitted to three (or more) solvent-specific optimized at the HF/3-2£G(d,p) and DFT-B3LYP/6-31G(d)

indicesz*, a, andp according to eq 2: levels, followed by a vibrational frequency analysis to ensure a
stationary point, although zero point vibrational energy correc-
v=vy+ st +aatbp (2 tions were not applied. Given the limited range of theories for

which excited-state analytical gradients are available, the

whereyg refers to the absorption or emission energy in vacuum, structures of the corresponding excited proton-transfer (PT)
ands, a, andb are the corresponding fitted parameters obtained tautomers were determined only at the HFCIS/3-&1d,p)
from a multiple linear regression analysis. Comparable to level of theory. The 3-2£G(d,p) basis set has been shown
Onsager's reaction field model, the indeX is a measure for to adequately reproduce excited-state geometries with only
the dipolarity and polarizability of a solvent, thus expressing minor differences compared to larger basis sets such as
the ability to stabilize a solute charge or dipole through 6-31G*5%52
nonspecific dielectric interactions. The indigesnd describe Ground-State Geometrgiven the considerable size of the
the solvent’s ability to act as hydrogen bond donor and acceptor, molecules, we first determined the least expensive model
respectively. A comprehensive list of the 3 indices for each of chemistry that would adequately reproduce the molecular
the 15 solvents used in this study is given in Table S1 structures and photophysical properties compared to experi-
(Supporting Informationj® mental data. The structure of the unsubstituted parent compound

Multiple regression analysis of the solvatochromic shift data had been formerly characterized by means of X-ray crystal-
of all five fluorophoresla—5a yielded excellent correlation  lography?® and thus served as a reference to gauge the quality
coefficients (Table 3). A comparison of the three fitted of the applied theoretical models. Geometry optimizations were
parameterss, a, and b indicates that the solvent’s hydrogen carried out at the DFT-B3LYP/6-31G(d) and HF/3-2&(d,p)
bonding donor strength is the dominant contribution to the levels of theory. While both methods yielded similar ground
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x-ray HF/3-21+G** B3LYP/6-31G*

Figure 6. (a) X-ray structure of 2-(2tosylaminophenyl)-benzimidazole (TPBiwith numbering scheme (hydrogen atoms are omitted for clarity).
(b) Projection along C2C7 for the experimental structure (left) and the geometry optimized structures at the HFE®p) (center) and B3LYP/
6-31G(d) (right) levels of theory. The labels indicate interatomic distances (A) between the tosyl and imidazole planes.

TABLE 4: Selected Geometric Parameters of 2-(2Tosylaminophenyl)-benzimidazole (TPBI) from Optimizations at Different
Levels of Theory in Comparison to the Experimental X-ray Crystal Structure (Numbering Scheme Shown in Figure 6a)

parameter X-ray B3LYP/6-31G(d) HF/3-25(d,p) HF/6-3%+G(d,p)
C1-C2—-C7-NL1 (deg) —28.6 -14.3 —34.6 —29.6
C2—C1-N3-S1 (deg) —99.3 —135.2 —104.0 —119.5
C14-S1-N3 (deg) 106.6 106.2 105.0 107.1
S1-N3-C1 (deg) 116.1 124.7 1215 123.2
C2—-C7 (A) 1.465 1.465 1.467 1.478
C1-N3 (A) 1.444 1.408 1.433 1.415
S1-N3 (A) 1.647 1.695 1.632 1.646
Sl—C14’g\A) 1.751 1.795 1.755 1.770
C1-C2 (A) 1.397 1.424 1.396 1.402
TABLE 5: Selected Geometric Parameters for the 4- and 5- The HF/3-21#-G(d,p) optimized geometry reproduced well

'(\jﬂgrt;lg;(%-silﬁlbéﬁmtee% r?s?unbzsim[ﬂgéolfa?e%rthgg%e;oﬁ(rzndariccj 3:' Ii” the key structural features of the experimental structure. To gain
Optimized at the HF/3-21+G(d,p) Level (Numbering Scheme further confidence in this model, we also explored to what extent

Shown in Figure 6a) a higher-level HF optimization with larger basis set might
improve the geometry. As is evident from Table 4, the structure

parameter 1c 2¢ 3¢ optimized at the HF/6-3tG(d,p) (6-31-G*) level exhibits
C1-C2-C7-N1 (deg) —34.6 —36.2 —34.4 only minor changes compared to HF/342&(d,p). The most
gﬁ_cslz_mg—(gelg()deg) _%‘é‘.g _110025?3 _1%ﬁ 8 poteworthy improveme_nt of the HF/6-$I5(d,p) geometry lies
S1-N3—C1 (deg) 1215 1215 1218 in the out-of-plane twist of the benzimidazole moiety. The
c2—-C7 (A) 1.467 1.467 1.464 interannular dihedral angle €1C2—C7—N1 of —29.6° com-
S1-N3 (A) 1.632 1.630 1.632 pares very favorably with the experimental value-628.6’;
C1-C2 (A) 1.396 1.388 1.403 however, beyond this parameter there were no significant
C1-C6 (A) 1.385 1391 1.375 advantages of using the larger basis set over HFB&H,p).
Cc5-C6 (A) 1.385 1.376 1.389 ; .
C4—-C5 (A) 1387 1.390 1384 .Furthermgre,.wr[h the exception of the -SHI3 pond most
C3-C4 (A) 1.383 1.380 1.387 interatomic distances were better modeled using the smaller
C2-C3 (A) 1.391 1.397 1.385 3-21+G(d,p) basis set in comparison to the X-ray structure. A
aryl C—methoxy O (A) n/a 1.378 1.374 comprehensive list of all computational data pertaining to the

geometry-optimized structures at various levels of theory,
state geometries in terms of bond lengths and angles, significantincluding atomic coordinates and energies, is provided with the
differences were observed for some of the dihedral angles (TableSupporting Information.
4). As is ev!dent from projections along thg interannuIaILCZ Given the success of HF/3-205(d,p) in reproducing the
C7 bond (Figure 6), the HF/3-21G(d,p) optimized geometry  axperimental molecular geometry, we restricted the quantum
closely resembles that of the X-ray structure, while the DFT- :hemical studies of the methoxy-substituted compo@edsd
B3LYP/6-31G(d) geometry displays significant deviations. The 3¢tg the HF/3-23G(d,p) and HFCIS/3-2£G(d,p) optimized
experimental structure is characterized by a nearly parallel geometries. As is evident from Table 5, the HF/3+Z(d,p)
orientation of the tosyl and benzimidazole ring planes with a geometries of the 5- and 4-methoxy-substituted derivaties
separation of~3.3 A, indicating significant intramolecular  and3c are very similar compared to the unsubstituted parent
mr-stacking interactions. Consequently, the benzimidazole moiety compoundLc. Notably, both structures display the face-to-face
is considerably twisted out-of-plane as reflected by the dihedral orientation of the tosyl and benzimidazole moieties observed
angle (CE-C2—C7-N1) of —28.6’. HF/3-2H-G(d,p) notonly in the X-ray crystal structure and the HF/3-2&(d,p) geometry
preserves the paralletstacking orientation along with a similar  of the unsubstituted parent compound. When compared to the
twist angle (-34.6°), but also performs slightly better than DFT-  geometry of the unsubstituted parent compoligcthe molec-
B3LYP/6-31G(d) in terms of reproducing the experimental bond ular structures of the methoxy-substituted derivati2esand
lengths and bond angles (Table 4). Interestingly, the parallel 3crevealed small but significant differences that can be ascribed
face-to-face orientation is entirely absent in the DFT geometry. to differences in degree of electron delocalization. For example,
The resulting geometry possesses a smaller out-of-plane twistthe interannular C2C7 bond is slightly shorter for the
of the benzimidazole moiety of14.4, approximately halfthe  4-methoxy-substituted derivativBc compared to 5-substituted
value as in the experimental structure (Table 4). 2¢, resulting also in a slightly more acute interannular dihedral
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TABLE 6: Selected Geometric Parameters for the Energy- TABLE 7: Experimental and Calculated Vertical Excitation
Minimized Lowest Excited Singlet State of the 4- and and Emission Energies (eV) for 1e-3c
5-Methoxy-Substituted Benzimidazole Derivatives 2c and 3c " 1 5 3
and the Parent Compound 1c, All Optimized at the HFCIS/ parameter ¢ ¢ ¢
3-21+G(d,p) Level (Numbering Scheme Shown in Figure 6a) Excitation [eV]
INDO—SCI 412 4.11 4.09
parameter le 2 3¢ fa 0.355 0.360 0.492
C1-C2-C7N1 (deg) -0.2 -0.3 -0.5 Mge [D]° 4.8 4.8 5.6
C2—C1-N3-S1 (deg) —-174.1 —173.5 —173.3 expf 4.13 4.20 4.07
C14-S1-N3 (deg) 103.2 103.4 102.9 .
S1-N3-C1 (deg) 129.4 129.2 129.2 Emission [eV]

o~ INDO—SCI 2.61 2.52 2.66
N3—C1-C2 (deg) 114.0 114.4 113.9 fa 0.447 0.462 0.429
c2-C7 (A) 1.402 1.405 1.401 Mo [D]° 6.7 6.9 6.5
C1-N3 (A) 1.330 1.334 1.328 ge : : :

— expt 2.70 2.49 2.84
C7-N1 (A) 1.370 1.368 1.373 gas-phase fit 551 508 563
S1-N3 (&) 1.615 1.610 1.617 : : :
Cc1-C2 (A) 1.490 1.484 1.492 aQscillator strength Transition dipole moment.Measured in
C1-C6 (A) 1.407 1.407 1.401 aqueous solution, 0.1 M ionic strength (KCI)Extrapolated gas-phase
C5-C6 (A) 1.387 1.380 1.385 values from Kamlet Abboud-Taft empirical solvent model.
C4-C5 (A) 1.397 1.399 1.392
C3-C4 (A) 1.393 1.394 1.392 TABLE 8: HFCIS/3-21+G(d,p)//INDO—SCI Computed
c2-C3 (A) 1.401 1.400 1.401 Ground and Excited State Dipole Moments and Their
aryl C—methoxy O (A) n/a 1.367 1.382 Differences for 1¢c-3c

parameter 1c 2c 3c

angle Ct-C2—-C7-N1 for 3c. Likewise, the bonds C1C6 and Gas Phase

C3—C4 are shorter i8c compared t@c, indicating a significant Ug [D] 13.4 14.4 15.2
degree ofz-delocalization of the methoxy oxygen lone pair ue[D] 111 12.8 12.7
across the central benzene ring toward the benzimidazole moiety. A D] 22 -16 —25
This trend of divergentz-bond alternation between the two Solution Phase (MeOH)
methoxy-substituted derivatives can be observed across allbond ~ “a [g] igg ig-g g‘l‘
lengths listed in Table 5, where shorter bonds in one derivative ZGA[ [g)] 54 19 o4

are elongated in the other system while the corresponding values
of the unsubstituted parent compound lie in between. The resulting in an essentially perpendicular orientation of the
increasedr-electron delocalization in the 4-methoxy derivative benzenesulfonyl and benzimidazole ring planes in all three
3cis also reflected in the energetics of the geometry optimized derivatives. The twisting of the benzenesulfonyl moiety in the
structures: the additional resonance stabilization renders theS; structure is accompanied by a decrease in the GB-C2

metasubstituted derivativ8c more stable by 0.02 eV~1.7 bond angle which positions N3 in closer proximity to H1, thus
kJ mol1) compared tc. facilitating a fast back transfer of the proton in the ground state.
Excited-State Geometryhe geometries of the lowest excited There are also significant differences noticeable in theCC
singlet state (§ of the corresponding phototautomers Iaf, bond lengths of the central aryl ring when comparing the S
2c¢, and3c were each optimized at the HFCIS/32G(d,p) level and S geometries. For example, in the ground state of the parent

of theory. In all cases, the geometry optimization converged at compoundlc, the C-C bond distances of the central benzene
a saddle point of the excited-state potential surfaces as indicateding are nearly equivalent, which is consistent with a fully
by the presence of imaginary vibrational modes. A more detailed delocalized aromatic ring system. In contrast, the corresponding
analysis revealed that these modes correspond to torsionalC—C bonds in the excited-state geometry resemble more a
deformations of the central benzene ring and the benzimidazolequinoidal structure with increased double bond character for
heterocycle. Sobolewski et al. reported a similar phenomenonC5—C6 and increased single bond character for-C8 and
in association with 2-(2hydroxyphenyl)benzotriazoles, for C2—C3. Likewise, the methoxy-substituted derivatizsand
which the constrained optimized excited proton-transfer tautomer 3c exhibit similar excited-state geometry distortions. In agree-
represents a “pseudo-minimum” resting in a shallow well of ment with the quinoidal nature of the excited photo tautomer,
the potential surface® 55 Any attempts to employ commonly the interannular C2C7 bond is shortened for all three deriva-
used techniques to remove the imaginary frequencies weretives by approximately 0.06 A compared to the ground state
unsuccessful at this level of theory; however, given the successgeometry.
of our model in reproducing the essential photophysical trends 5.2. Photophysical Properties.To acquire a qualitative
(vide infra), we are confident that the computed excited-state understanding of the photophysical properties of the unsubsti-
structures are representative of the emissive states of thesduted parent compound and its 4- and 5-methoxy-substituted
compounds. Table 6 summarizes selected features of the excitedeerivatives {c—3¢), the vertical transition energies, correspond-
state geometries in the unsubstituted parent compdarahd ing to $—S; absorption and S-S fluorescence, were computed
the two methoxy-substituted derivatives and 3c. using configuration interaction including only singly excited
The most noticeable difference between theaBd ground determinants (SCI) as implemented in ZINDO with the INDO
state geometries is the planarization of the central aryl and Hamiltonian. The INDG-SCI scheme has been shown to be
benzimidazole rings for which the interannular dihedral angle computationally efficient and reliable for many different types
(C1-C2—C7—N1) approaches 0 In conjunction with this of compounds$® A compilation of the computational data
flattening of the excited-state structure is the loss of the parallel including oscillator strengths, state dipole moments, and transi-
face-to-face orientation of the terminal benzenesulfonyl and tion dipole moments fol.c—3c is given in Tables 7 and 8.
benzimidazole rings. This can be best seen in the large opening Absorption Spectrdn agreement with the experimental data,
of the C2-C1-N3—S1 dihedral angle from—104 in the the INDO—SCI gas-phase vertical transition energies for the
ground state to approximatetyl74° in the excited state, thus  lowest excited singlet states show only slight differences among
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the three derivativedc—3c (Table 7). When the calculations

Sl i
included a SCRF solvent model that corrected for the dielectric _ 5 .
constant of methanol, the transition energies were lowered by o ) - G
less than 0.1 eV while preserving the overall trend (Supporting -

Information). It is noteworthy that the calculated transition
energy of 4.07 eV for the lowest excited singlet stat8ofs i SRR
consistent with the energy of the main absorption band with a %‘ ]
maximum at 305 nm (4.07 eV). The quantum chemical ‘2

calculations thus further support our interpretation that the weak 2 -
low-energy absorption band in the WWis spectrum of3c
(Figure 1c) does not originate from the normal cis-ground-state
species. To investigate whether the low-energy band might ariseﬁ 7.2 -

from the proposed imino tautomer, we optimized the ground © ; -~

ene|
A\
W

state geometry for this structure at the HF/3+23(d,p) level 74 744 o,
followed by an INDG-SCI calculation. On the basis of these : ) S ey -
data, the lowest energy absorption of the imino tautomer was | _s -

indeed predicted to occur at significantly lower energy (3.0 eV) : % %

compared to the ciground-state species (4.09 eV). A dual { w (w
Gaussian curve fit of the low-energy portion of the absorption ; ' ]
spectrum yielded a peak energy of 3.45 eV for the low-energy :

band. Although the deviation of 0.45 eV between theory and Figure 7. Energy level diagram for the frontier orbitals of the
experiment is somewhat larger than for the normal ground-state Phototautomer of compounds—3c. A plot of the HOMO and LUMO

species, the calculations reproduce well the relative trends in 'SOSurfaces is also depicted for each compound.
peak energies between the two tautomers and further suppory ypmo for each compound. Hence, we restricted our analysis
the proposed structural assignment. to a discussion of the HOMO and LUMO wave functions
Emission SpectraThe fluorescence peak energies were themselves. Figure 7 shows the HOMO and LUMO energies
predicted on the basis of the vertical excitation energies of the of the phototautomer for each compound as well as the
geometry-optimized excited-state structures for each of the corresponding orbital isodensity surfaces. The changes in the
corresponding phototautomers. In contrast to the absorptionelectronic structure that depend on the donor position can be
energies, we found that the donor position had a profound effect readily rationalized by examining the nodal structure of the wave
on the transition energies for emission of the excited-state functions®® In compoundilc, the carbon atom at position 5 of
proton-transfer species (Table 7). The experimental trends inthe central benzene ring contributes strongly to the HOMO, but
the spectral shifts are reproduced well by the computations, only weakly to the LUMO; the opposite is true for the carbon
which predicted for2c a lower energy emission compared to atom in position 4, which is hardly involved in the HOMO but
parent compoundc and a higher energy emission fac. When strongly contributing to the LUMO. Upon attachment of a
considering methanol as the dielectric isotropic solvent environ- methoxy-group in the 5-position (compougd), the HOMO
ment with an SCRF model, the emission energies increased forenergy is significantly increased while the LUMO energy
all compounds, an observation consistent with the observedremains almost unaffected. This can be readily rationalized by
negative solvatochromism. A more detailed analysis of the inspecting the corresponding orbital densities, which reveal a
excited-state polarization of the proton-transfer species revealedarge coefficient on C5 for the HOMO but a very small
that in all cases the excited-state dipole momenis smaller coefficient (node) for the LUMO. As a consequence, the
than the ground state dipole momegf this again is consistent HOMO—-LUMO gap significantly decreases which translates
with the negative solvatochromic behavior displayed by each into a red-shifted emission energy f@c compared tolc.
compound (Table 8). Donor substitution led to an increase in Conversely, the LUMO o8cis slightly destabilized with respect
both g andue with respect to the parent compound, however, to the parent compountic, while its HOMO energy remains
without renderingAu = ue — uqg distinctly different fromlc. virtually unchanged. As a result, the peak emissiorBofis
Interestingly, the excited-state dipole moments of both methoxy- shifted to higher energy, in full accordance with the experimental
substituted derivatives were calculated to be very similar in the data.
gas phase and in methanol. Hence, these data strongly indicate
that the observed spectral shifts upon donor substitution cannotConclusions
be simply attributed to differences in reorganization due to the  combined photophysical and quantum chemical studies
degree of excited-state polarization. provided significant insights into the origin of the substituent-
To further elucidate the mechanism responsible for the dependent fluorescence properties of this class of ESIPT
changes in transition energies upon donor substitution, we fluorophores. Solvatochromic shift analysis based on several
analyzed the nature of the excited phototautomer of eachsolvent theories demonstrated that the ESIPT tautomers emit
derivative 1c—3c by means of an electron attachment and from a moderately polarized excited-state whose dipole moment
detachment density analy$%.The attachment/detachment is not strongly influenced by the donor-attachment position. The
densities reflect the electron redistribution upon excitation, and negative solvatochromic behavior was most pronounced in protic
therefore can help in locating that portion of the molecular wave solvents due to specific hydrogen-bonding interactions. Given
function involved in the - transition most affected by donor  the fact that the pyrrole derivativdsand5 showed qualitatively
substitution. Since the;SS, transition is dominated by the  the same behavior as their methoxy-substituted counter parts,
HOMO—-LUMO configuration (for a full Cl-description, see  hydrogen bonding with the methoxy-oxygen lone pairs in
Supporting Information), the attachment/detachment densitiescompounds? and 3 does not appear to be a critical factor in
closely resemble the densities associated with the HOMO andaltering the fluorescence energy. However, the extrapolated
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vacuum emission energies obtained from the solvatochromic (18) Ohshima, A.; Momotake, A.; Arai, Tretrahedron Lett2004 45,

analyses varied strongly as a function of the donor substitutent93217;)9gﬁ-w_Obare 5.0 Murphy. C. 3 Angel. S. AhalySt2001
and its attachment position on the central benzene ring. 156 1499-1501. 2 D MUY . 2 ANGEL =. Fhaly

Conclusively, the divergent emission energy shift must be due  (20) Roshal, A. D.; Grigorovich, A. V.; Doroshenko, A. O.; Pivovarenko,
to differences in the HOMOLUMO gap of the various V. G.; Demchenko, A. PJ. Phys. Chem. A99§ 102, 5907-5914.

derivatives. Detailed quantum chemical calculations not only 38](12%,)19'3_05“2%"’_‘"A'; Roshal, A.D.; Organero, J. @hem. Phys. Let2003

confirmed the moderately polarized nature of the ESIPT  (22) Zhang, X. B.: Peng, J.: He, C. L.: Shen, G. L.; Yu, R.Apal.
tautomer, but also provided a rational for the observed sub- Chim. Acta2006 567, 189-195.

stituent position dependent emission shifts. In summary, the phﬁﬁﬁﬁ)ij“f;%%%drl‘ﬁy'sﬁ'go“"a'"Ck' A. Sengupta, 3. Photochem.
results gained from this study should provide guidelines for * (24) Apou-zied, O. K.; Jimenez, R.; Thompson, E. H. Z.; Millar, D. P.;

fine-tuning of the emission properties of this class of ESIPT Romesberg, F. El. Phys. Chem. 2002 106 3665-3672.
fluorophores, which might find applications in analytical (25) Barbara, P. F.; Brus, L. E.; Rentzepis, P. MAm. Chem. Soc.

h . . . . 198Q 102, 5631-5.
chemistry, biochemistry, or materials science. (26) Das, K.; Sarkar, N.; Majumdar, D.; Bhattacharyya(kem. Phys.

o .  Lett. 1992 198 443-8.
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