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The mechanism of the change in fluorescence quenching by the amine in boronic acid-based carbohydrate
sensor molecules has been explored using density functional theory (DFT). The geometric constraints of the
system have been studied in both intra- and intermolecular model systems of the-bhibrogen (B—N)

bonding interaction. The effect of the-BN bonding on the rate of electron-transfer (ET) quenching of the
anthracene acceptor by an amine donor is considered using a theoretical model. The results suggest a new
mechanism other than-B\ bond strength change for fluorescent switching in biosensors that involve interaction

of boron and nitrogen affected by boronate ester formation.
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Due to its unique high affinity and reversible interactions with
diols 3 the boronic acid functional group is routinely incor-
porated into synthetic receptors for the complexation of sac-
charides and other guests that possess the 1,2- or 1,3-diol
group*20-22This is particularly true in the design of fluorescent

HO-
Weak B-N Interaction

sensors for saccharides. However, in a sensor design, high lig
affinity and specificity binding alone are not sufficient. There 1 2
needs to be a reporting event that signals the binding. Among Weakly fluorescent Strongly fluorescent

the boronic acid-based fluorescent reporter compounds reportedrigure 1. Photoelectron-transfer (PET) mechanism proposed by the
during the past decades, Shinkai's anthracene-based reporteshinkai group: The formation of a boronnitrogen bond upon binding
fluorescence intensity changes upon binding with a diol- change.

containing compoun#t Our laboratories have studied modifica-

tions of 1 both theoretically and experimentally as fluorescent | Covalent models

sensors for various saccharide$:1%18In the design ofl, the OH o O/j
anthracene moiety is the fluorophore. However, the lone pair @C@H @C\o @i‘o
electrons of the benzylic amine are known to quench the Ng N~ N—
anthracene fluorescence through a photoinduced electron- R R
transfer mechanism, which makes compoundnly weakly

fluorescent. It is known that binding of most saccharides to a R=CH3 OTMA-PBA OTMA-PBE  OTMA-PBP
boronic a_cid increases the Lewis a_cidi_ty of the boron atom. The | r-anthracene OTMA-PBA-Anth OTMA-PBE-Anth OTMA-PEP-Anth
hypothesis has been that, upon binding of a saccharide to the

boronic acid group, the increased acidity of the boron promotes Figure 2. Structures of intramolecular models studied by DFT methods.

the formation of the B-N bond @) via a five-membered ring.  The biosensor models include both a boronic acid/ester moiety and a
Such B-N bond formation has been thought to mask the lone trimethylamine base covalently attached to a phenyl ring.

pair electrons and therefore diminish the ability of the lone pair
electrons to quench the anthracene fluorescence. Consequen“ycontradiction, since the bond lengths of the &3tand acid”
binding of a saccharide tbis thought to result in a significant  yetermined by X-ray crystallography are 1.754 and 1.669 A,
increase in fluorescence intensity. respectively. This trend is opposite to what is expected on the
The design of more efficient biosensors depends on an pasis of the increased Lewis acidity in the ester form. Another
understanding of the mechanism of fluorescence quenching bystudy that seems to contradict the-B bond role in regulating
the amine inl. There is relatively little structural data on-\ the fluorescence intensity of such a systeth pon binding
adducts of the type shown in Figure 2, despite the burgeoning with a saccharide is fluorescence recovery studies with various
interest in this field. In fact, the current literature presents a monosaccharides conducted by James and co-watkkrshis
study, it was found that most of the monosaccharides tested
*To whom correspondence should be addressed. E-mail: gave essentially the same fluorescence intensity recovery at
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esters by these two saccharides are known to be very different. In this expression it is clear that the barrier for charge separation
Furthermore, the apparerkpof the ester of phenylboronic acid is
with fructose is about 4.6 and with glucose the appar&itip
about 6.8. If the B-N bond strength were the only reason for - 6)2
the fluorescence intensity changes upon binding, it would be B ="k (5)
hard to explain the same fluorescence intensity recovery with
these two saccharides, since the acidity of the boron species inyhere« is the energy gap between the reactant and product
these two different esters is expected to affect theNBbond  states and. is the reorganization energy. In molecular terms
strength. Because of these unanswered questions, we set out tghe reorganization energy can be represented as
examine the details of the-BN bond interaction in this boronic
acid fluorescent systermi) using computational chemistry. N
The interaction between boron and nitrogen has fascinated A=) Sho; (6)
chemists for many yeaf8:3% The boror-nitrogen bond is =
isoelectronic with a carbencarbon bond. Due to the difference
in the electronegativities of boron and nitrogen, the bonding whereSis the electron phonon coupling parameter. For each
tends to be weaker in the-B\ than in the corresponding-€C vibrational mode S is related to the displacement by § =
compounds. We have approached an understanding of theAi?2. The inner sphere reorganization energy includes changes
interaction of boronic esters with the tertiary amine by calculat- in the bond length on the donor and acceptor that give rise to
ing the potential energy surfaces for a variety of models that displacementsy;. In Marcus theory, the low frequency modes
will lead up to the systems of interest. These studies show thatare usually treated in a dielectric continuum approximation. In
B—N bonding is surprisingly weak in both intramolecular other words, there is a significant contribution from reorientation
models shown in Figure 2 and intermolecular beraitrogen of solvent dipoles to accommodate the charge separation that
adducts presented in the Supporting Information. Although weak is usually calculated as a polarization contribution. A major
B—N bonds that have the strength of typical hydrogen bonds segment of the present study involves the calculationt of
are found, it is thedifferencein bond strength upon boronate including both inner sphere (molecular) and outer sphere
ester formation that must account for the change in fluorescence(solvent) contributions.
quenching observed experimentally. The present study examines the role of electron-transfer
The effect of a B-N bonding interaction on the quenching quenching in borornitrogen-based sensors using density
of anthracene fluorescence can be considered in terms of thefunctional theory (DFT) to calculate the parametef$ ¢, and
effect it has on the electron-transfer process that competes with4) useful in Marcus theory calculation of the rate constant. The
fluorescence. Two possible charge-transfer reactions can com-study begins by addressing the calculation of the conformational
pete with fluorescence frofA back to the ground state. The energies of different possible-BN bonding adducts that could
electron-transfer rate constant is be involved in a conformational switch mechanism. The
interplay of torsional coordinates in the molecule with the weak
A2, B—N bonding interaction is studied. Then the structures
Ker = o VIFC (1) consistent with the strongest-B\ interactions are studied as
both vacuum (isolated molecule) and solvated (explicit solvent
or dielectric continuum) systems. Trends in the-® bond
energy and the energy gap and reorganization energy for electron
transfer are used to determine whether the acid or ester is favored
for a given conformation. These trends are used to determine
— the activation energy and estimate the relative magnitude of
V= WiandHWa-yeeH 2) the rate constant required for quenching. Finally, the comparison
of phenylboronic acids (PBAs) and the corresponding boronate
esters (PBE or PBP) is made to determine the role that these
Tactors play in the switching mechanism for the beroitrogen-
based biosensor.
The main conclusion of the study is that the weakNB
teraction and small change in—B\ bond strength upon
formation of a boronate ester &f4 kJ/mol cannot account for
" the observed change in fluorescence. The effects-a¥Bond
FC= Z %lAN%XMAfWBﬁP 3) formation on the energy of ET, reorganization energy, and
v,0'=0

whereV is the electronic coupling and FC is the Franck
Condon factorV is an electronic factor that can be expressed
in terms of the electronic wave functions.

whereW represents the electronic wave function. The subscripts
indicate that photoexcited state and one of the possible charge
separated states, respectively. The effect of formation of the
B—N bond can alter the FC factor by changing the energy of
the charge-transfer state. This will affect the nuclear overlap in
factors. The FC factor is given by

electronic coupling are considered systematically. The inner
sphere (molecular) and outer sphere (molectilesolvent)

wherey, andy, are the nuclear wave functions for the reactant reorganization energies are calculated using models that include

and product states, respectively. The tesris the density of & dielectric continuum method and explicit solvent molecules.

states term. This can be represented by a line shape functiorf\ccording to the DFT calculations, neither the driving force
(Gaussian, Lorentzian, or delta function) that represents the nor the reorg_anlzatlon for electron transfer is strongly aff_ect(_ed
energy matching condition. In the high-temperature limit or in by the formation of a boronate ester. The net change in activation

polar solvents, the FC factor is reduced to the Marcus theory €Nergy for the.eleptron-transfer process actually favors fluores-
cence quenching in the phenylboronate ester. Since the calcula-

expression, . X - ! ; '
tions are carried out using a dielectric continuum, the results
1 - 6)2 would correspond to the observation in an aprotic solvent. The
Fcz—exr{_ } (4) present calculations make a prediction that the fluorescence
VA AKT 4AkT qguantum yield will show the opposite behavior in aprotic
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solvents from that observed in aqueous buffer. This prediction H:  7occo

of DFT theory was tested and confirmed in experimental O/C@
fluorescence studies of phenylboronate ester formation in TC_C_B_OL CH,
acetonitrile. The results of this study suggest that the protonation \;./// d(B-N)

rather than B-N bond formation is the mechanism for the

e . L o —CH3
switching of the boronic acid biosensor from a nonfluorescent N
to a fluorescent state upon boronate ester formation. \CH3
Methods Figure 3. Important conformational coordinates in the ground-state

pote_ntial energy surface of phenylboronic glycol ester with a trimethy-
Density function theory (DFT) calculations were carried out lamino group.
for various models' of the type E.”QYNZ3 presented in the TABLE 1: Energies, Charges, and Boron-Nitrogen
Supporting Information and for the intramolecular models shown pistances in theo-(Trimethylamino)phenylboronic Acid/

in Figure 2. The calculations have been carried out using Ester Models OTMA—PBA, OTMA —PBE, and OTMA—PBP
DMol334with the generalized gradient approximation (GGA)

using the DNP basis set. The calculations were carried out at Cp}fﬁ‘;gf;fo dB—N) energy _ ESPcharge
the North Carolina Supercomputer Center on the IBM SP and model angle (deg) (&) (kJ/mol)  boron nitrogen
SGl/Cray Origin 2000. The interaction energies of adducts were oTma—PBAO 0 313 -126281 0.50 —0.01
calculated by calculation of a potential energy surface (PES) OTMA—PBA45 45 2.99 -12629.8 0.55 0.004
or thermodynamic equilibria presented in the Supporting OTMA—PBA90 90 198 -126369 0.51 0.17
Information. The energies used for comparing c_onforma@ior?s OWQZEEESO 9% 31%2 :ij gg;é g:g; _8'10623
of charge-separated states are the total energies or bindingyTyva—pePo 0 340 —15856.9 068 0.009
energies of the molecules. OTMA—PBP90 90 2.26 —15867.0 0.61 —0.46

Solvation is an important factor in the stabilization of charge-
transfer states. Solvation energies were calculated using ain-plane geometry has the weakest8 bond formation. Table
dielectric continuum model (COSME&)3” and using explicit 1 shows the energy and-BN bond length for three different

water molecules as described in the Results section. geometries of the intramolecular adducts OTWRBA, OTMA—
PBE, and OTMA-PBP. The three geometries correspond to
Results Cp—Cp—B—0 dihedral angles ofc-c-g-0o = 0° (OTMA—

Density function theory (DFT) calculations of the potential PBAQ), tc—c-g-0 = 4%° _(OTMA_PB'M@' Or 7c-c-B-0 =
energy of interaction for various intermolecular models for the 90 ° (OTMA—PBA90) with corresponding nomenclature for
B—N bond reproduce the trends in experiments (see SupportingQTMA—PBE and OTMA-PBP. Geometry optimizations were
Information). For example, the bond lengths and energies of Carried out from each of the starting geometries. While the angle
BHs—NH; and CH—CHs calculated by DFT are 1.66 A  changes slightly, the structures observed are each in distinct
compared to 1.52 A ane-195.4 kJ/mol compared te496.6 local minima. In OTMA-PBAO the Cp-Cp—~B—O0 dihedral
kJ/mol, in good agreement with literature valtfed (see angle is 0 and thus the boronic acid moiety lies in the plane of
Supporting Information). The BN bond is significantly weaker ~ the benzene ring. For this geometry the boraitrogen
than the G-C bond due to poorer overlap in the asymmetric interaction is extremely weak due to steric interactions. For the
B—N structure. Nonetheless, the-Bl bonds in BH—NHzand ~ OTMA—PBAI0 structure, which has a €@p-B—0 dihedral
BHs—N(CHa); are much stronger than those for any boronic angle of 90, the B-N bond length is significantly shorter (1.98
acid or boronate ester. A) than that for OTMA-PBAO (3.13 A). The geometry in

To understand the effect of boronate ester formation on OTMA—PBAA45 is intermediate with a GECp—B—0 dihedral
boron-nitrogen bonding, we have considered intermolecular @ngle of 48, but the B-N bond is still quite long (2.86 A) for
models in the Supporting Information. The study of inter- this geometry. These calculations show thatNBbonding does
molecular adducts shows that boremitrogen bonding is very ~ notoccurin the mtramo_lecular adducts unless the bqronlc _aC|d
weak (<30 kJ/mol) for all boronic acid and boronate ester plane is nearly perpendicular to that of the benzene ring. Given
adducts. The intrinsic weakness of the' B bond in acids and  that the opposite is true for the intermolecular Lewis base
esters presents the fundamental challenge to understanding th@cid adducts OTMA-PBA, OTMA—PBE, and OTMA-PBP
origin of the effects in biosensors that involve the interaction (S€€ Supporting Information), it appears that conformational
of boronic acids and amines in intramolecular adducts such asStrain reduces the BN bond strength fotc—c-g-o = 0° in
those shown in Figure 2. In the following the intramolecular the intramolecular adducts.
models studied are denoted OTMA&BA and so forth to The intramolecular adducts provide an indication of a specific
indicate that the trimethylamino group is in the ortho position B—N interaction. The difference in energy between the adducts
to the boronic acid moiety (Figure 2). The designation for OTMA—PBA90 and OTMA-PBEO90 is not readily described
phenylboronic acid is PBA, and those for the glycol and 1,3- in terms of bond strength, since the difference is subtle and is
propanediol ester are PBE and PBP, respectively. part of relatively large molecule. For the intramolecular adducts,

B—N Bond Formation Requires a Cp—Cp—B—0 Dihedral we consider the bond length as a measure of the strength of the
Angle (tc-c-g-o) of 90°. The nature of the BN interaction bonding interaction. Table 1 shows that fey-c-g—o0 = 90 °
is sufficiently weak that there is a competition between the OTMA—PBE90 has a BN bond length of 1.85 A, which can
torsional coordinatec—c-g-o and the B-N interaction for the be considered a bonding interaction. The® bond length is
intramolecular models relevant to the biosen&ofhe inter- significantly longer (1.98 A) in OTMA-PBA90, presumably
molecular models discussed in the Supporting Information have due to the decreased Lewis acidity on the boronic acid compared
the strongest BN interactions for an in-plane conformation to the boronate ester. Table 1 shows further that-d&NBoond
of the boronic acid or boronate ester group. However, for length is longer (2.26 A) for the ester of 1,3-propandiol
intramolecular adducts of the type shown in Figures31the (OTMA—PBP90) than for the glycol ester or the acid.
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TABLE 2: Effect of Modification of the Dihedral Angle TABLE 3: Binding Energy of the Neutral and lonic Form
(O—C—C—-0) in the Boronate Ring in the Compound for Various Molecules That Can Act as Donors or Acceptors
OTMA —PBE on the Energy and Optimum B—N Bond in an Electron-Transfer Quenching Mechanism

Length in the Adduct

neutral (kJ/mol) anion (kJ/mol) cation (kJ/mol)
COSMO none COSMO none COSMO none
anthracene —15616 —15595 —15839 —15639 —15164 —14989

neutral cation
O—-C—C—0 d(B—-N)(A) E(kJ/mol) d(B—N)A) E (kJ/mol)

10 1.98 —14 623 1.74 —13818 TMA —4970 —4960 NA NA —4515 —4219
20 1.92 —14 628 1.75 —-13820 OTMA—PBA —12691 —12637 —12794 —12582 —12224 —12014
30 1.84 —14 629 1.72 —13821 OTMA—PBE —14633 —14592 —14763 —14538 —14161 —13969
40 1.82 —14 623 1.71 —-13815 OTMA—-PBP —15906 —15867 —16030 —15809 —15440 —15256
50 1.80 —14 614 1.70 —13 806 PBA —8153.4 —8104.4 —8138.6 —8030.3 NA NA
PBE —10101 —10080 —10263 —10026 NA NA

. . BP —11390 —11363 —11535 —11301 NA NA
Calculations based on the intermolecular adducts presentedP

in the Supporting Information show that the relative strength TABLE 4: Charge-Transfer Energy for the Respective
of the interaction of TMA with alkyl boronic acid and boronate Donor—Acceptor Pair Based on the Calculation of the
ester is opposite to that required for a fluorescent switching Binding Energies Present in Table 3

molecule for an alkyl boron substituent. The-R bond is, in COSMO  none
fact, stronger for the acid adducts with TMA than for the ester electron-transfer process (kd/imol)  (kJ/mol)
adducts with TMA. In the classic description of a biosensor, TMA + anth— TMA* + anth™ 232.5 696.1

the B—N interaction should increase for boronate ester forma- OTMAPBA + anth— OTMAPBA™ + anth 244.3 579.1
tion. The important exception to this trend is evident for the OTMAPBE + anth— OTMAPBE' +antit  250.4 579.2

i OTMAPBP+ anth— OTMAPBP" + anttr 2435 567.1
molecules OTMA-PBEQO (intermolecular) and OT_MAI_DBEQO OTMAPBA + anth— OTMAPBA- + antht 3512 7046
(intramolecular). For these molecules the B bonding interac- OTMAPBE + anth— OTMAPBE- + antht  325.6 794.5

tion is significantly stronger than that for the corresponding OTMAPBP+ anth— OTMAPBP- + anth 330.9 7985
boronic acid and could constitute a conformational switch

needed to explain switching of the fluorescent state of the |
biosensod. Nonetheless, even for these molecules the difference
in B—N interaction strength is quite small. The net stabilization ground state is written as BNA to indicate the presence of neutral
is calculated to be at most 13 kJ/mol for an intermolecular poron (B), nitrogen (N), and anthracene (A) moieties. In general,
adduct (see Supporting Information) and is likely smaller still e can write two alternate electron-transfer schemes:
for the intramolecular adducts given that-Bl bond formation
must compete with conformational strain from the two torsional A---N+--B v IAceeNeosB — A +:N"+esB — A++-N-+-B
angles shown in Figure 3.
The Minimum Energy Structure Is Found for the O —C— A---N---B ﬂ, lA"‘N“‘B . A+,,,N,,,B* — A---N+--B
C—O0O Dihedral Angle 7o0-c-c-o = 30 °. The O-C—-C-0
dihedral angle shown in Figure 3 is the angle of the diol in a The relative energy of a charge_transfer statetBN or
boronate ester. Molecules of the phenylboronic acid class (PBA) B-NA™ relative to the BNA ground state can be obtained from
recognize cis-diols. On the basis of this observation, we can calculations of the energy of the individual cations and anions
surmise that the optimal dihedral angle will be relatively small. of the donor and acceptor molecules for each of the species
Since the specificity of binding is a crucial aspect of the function OTMA—PBA, OTMA—PBE, and OTMA-PBP, respectively.
of a biosensor, it is of interest to identify the optimal structure The reference for calculation of the driving force was the
for molecular recognition. Molecular recognition of particular TMA* anthr PBE charge-transfer state for an anthracene ac-
oligosaccharides will arise because of preferred dihedral anglesceptor and the TMA anthPBE~ charge-transfer state for an
for formation of boronic esters. The energy of the molecule as anthracene donor relative to the energy of the neutral TMA -
a function of the dihedral angle was investigated by a systematic anth PBE. Table 3 presents the binding energies of individual
study of the OTMA-PBE molecule as a function of the-C— molecules. The ionization potentials (IPs) were calculated using
C—O dihedral angle to-c-c-o0), as shown in Figure 3 and  a half electron occupancy of the HOMO, as indicated for DFT
tabulated in Table 2. Optimal binding is found for a dihedral theory by Slate?® The calculated (and experimental) IPs for
angle ofro-c-c-o ~ 30°. There is a competition between ester anthracene and TMA are 6.6 (7.4) eV and 8.8 (7.8) eV,
formation and B-N bond strength. The optimal B\ bond respectively?®
length decreases as the-G—C—O dihedral angle increases; Table 4 shows the calculated energy difference between the
however, the overall energy of the molecule also begins to charge-transfer state and the ground state. The calculated
increase sharply as the-@—C—O0 dihedral angle increases electronic transition energy for the absorption of a photorrA
to greater than 30(see Table 2). IA is 28 172 cm! or 337 kJ/mol. The predicted wavelength
Energy of Charge-Transfer StatesFluorescence quenching  for the singlet absorption is 354 nm compared to the observed
involves competing pathways for deactivation of the excited 0—0 transition at 370 nr The energies of states such as
state. Quenching by charge transfer is a common mechanismB~NA* (boron acceptor) were calculated to be significantly
To understand the factors that govern the competition between(~130 kJ/mol) higher than that of BM~ (nitrogen donor).
charge transfer and fluorescence in biosensors (OHRABA— The boron acceptor states are reported in Table 4 but are not
anth) of the type shown in Figures 1 and 2, using DFT considered further for this reason. In the absence of solvation,
calculations, the energy of the charge-transfer state was studieceven the reference charge-transfer state TNAAtHT is signifi-
as a function of the solvation. The excited state of anthracenecantly higher in energy than the anthracene singlet excited state,
can serve either as an electron acceptor for donation by making the electron transfer endothermic. The relative energies
trimethylamine or as a donor with the boron center acting as of the charge-transfer states are lowered substantially if solvation
an acceptor. Both of these possibilities are considered. Theis included. This calculated result corresponds to the observation

a All of the values given in the table are higher in energy than the
west singlet excited state, which is 337 kJ/mol above the ground state.
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that fluorescence quenching by charge transfer usually occursTABLE 5: Reorganization Energy for Donors and

in polar solvents. Solvent polarity results in solvation of the Acceptors Involved in Electron-Transfer Quenching of the
charge-separated state and screening of the charges. The lattdi"thracene Excited-State Fluorescence

effect reduces the magnitude of the Coulomb term. We use a electron-transfer process Zinner  AAGsoly  rotal
point charge approximation rather than a DFT calculation for TMA + anth— TMA* + anth 144 465 497
the Coulomb term for two reasons. First, the Coulomb term OTMAPBA + anth— OTMAPBA" + anthr 36 335 259
should have approximately the same magnitude for charge OTMAPBE + anth— OTMAPBE" + anth 7 330 225
separation in boronic acids and boronate esters because th&TMAPBP+anth— OTMAPBP" + anthr 8§ 324 22
charge separation distance is quite similar in both. Second, the
Coulomb term is small in polar solvents and we are concerned
with a charge separation process in water.

dipoles to accommodate the change in charge distribution on
the molecule that occurs in an electron-transfer process. It is

. - given by
Calculation of Solvation Effects.To account for the effect
of solvation, the energies of cation and anionic forms of (1 1\/1 1 1
molecules were calculated using the dielectric continuum model Aouter= —(— - _;)(_ = — —) @)
dreg\e,, €J\Ry Ry Rpa

provided by COSMG$37 The dielectric constant used for the
calculation wags = 78.4, corresponding to an aqueous solution. . . o
wheree is the charge of an electrogg is the permittivity of

These calculations show that solvation by water lowers the is the hiah-f dielectri |
energy of the charge-transfer state to a range that permits anvr?cuum,ew '? the_ ng i rfeqt;ency 1€ ec;élchconstanotl_((laqua_l to
exothermic electron-transfer reaction, as required for any 1€ Sduare of the index of refraction), ands the state dielectric

mechanism that involves quenching of anthracene fluorescence constant (78.4 for bD at room temperature). The symbéis,

The presence of boronic acid (OTMA’BA) or boronate Ra, andRoa are t_he radii of the (_jonor, the acceptor, and the
(OTMA—PBE) also lowers the energy of the amino oxidation donor—acceptor distance, respectively. The ternit Eind 1RA .
reaction TMA— TMA* + e Table 3 shows that the amine  '€Present the energy change that'results in ngclear position shifts
in OTMA—PBA is particularly easy to ionize, resulting in a thfat accompany the _solvat|on of ions @nd A - We estimate
special role for this species that may a play a role in the this difference solvation energy by calculation of the difference
switching mechanism required for a boronic acid-based bio- solvation energy of the neutrals D and A compared to the ions

sensor. A solvation calculation was also carried out using explicit '[I') +ba|md5A_|;rYV Ef[ will call th'st.d'ﬁelrfni? freg e?ﬁ rg%AGISO""g'.
water. A model with 14 KO molecules surrounding TMA and | 20/€ 5. The term proportional t61/Roa is the Coulombic

20 H,O molecules surrounding anth was geometry optimized. attraction of the ions Dand A”. The_companson ofa vacuum
The energy of the process TMAanth TMA* antr is calculation and a COSMO calculation can be used to estimate

essentially the same as that obtained using the dielectricgzet)t?a'gtei;entf]i bsizl(;/i?]tlognsrner?r%$%32c13$ clzlc%?;t?onblyrom
continuum approach known as COSMO. Calculations were 9 g 9y

carried out for different numbers of explicit water molecules ?n(?[hbgndc;n'lgMe:?;l%ieoz?;g]r(:glg;ogI\a;a(t:ic?nsg(gr;?(;glg?gigézor: d
(see Supporting Information). The trend was toward lower 286 kJ/mol, respectively. Since the fac#t4me, corresponds
energy for the ch.arge-sepgralted state as the numpe_r of water% 1422 kJ/mol, we can estimate the difference solvation energy
increased. A detailed quantitation of the effect of explicit solvent using ea 7. If we use 1.33 for the index of refraction of water
water would require calculation for a significantly larger number geqr. ’ ’

of waters. This was deemed prohibitive and was not pursued we havee, = 1.77 andes = 78.4. Thus, the values ®AGsoy
i “for anth and TMA calculated by the DFT theory correspond to

The inclusion of solvation places the energy of the charge- gffactive ionic radii of~4.4 and~2.6 A, respectively, using
transfer quenching states below that of the excited singlet Stateeq 7. The entries in column 3 of Table 5 are the sum of the
of anthracene, in agreement with experimental observation of A\AG,,, values for the cation and the anion in the reaction given
the quenching of anthracene fluorescence by TMA in polar iy column 1 of Table 5. AssuminBpa ~ 7 A, the calculated

solvents. Table 4 s+hows that for the series OTWPBAT— Coulomb energy using eq 7 is112 kJ/mol. It is not readily
antir, OTMA—PBE'—antiT, and OTMA-PBP"—antir the  apparent how the Coulomb term would be calculated using DFT,
energy gapse, are 93, 87, and 93 kJ/mol, respectively. so the estimate obtained from eq 7 was used for all of the

Calculation of the Reorganization Energy.The reorganiza-  reactions given in Table 5. The total reorganization given in
tion energy is the energy required for distortion along the column 4 of Table 5 is the sum of the inner sphere (column 1),
product potential energy surface until the equilibrium geometry the difference in solvation energy (column 2), and a negative
of the reactant is reached. The reorganization energy can beCoulomb term 112 kJ/mol) assumed to be the same for all
divided conceptually into inner sphere (molecular) and outer of the systems. The comparison presented in Table 5 shows
sphere (solvent) contributions. The reorganization energy canthat the reorganization energy for charge transfer from an amine
be calculated by comparing the energy of a geometry optimized to anthracene decreases in the order TMAOTMA—PBA >
neutral molecule calculated as a cation or anion with the energyOTMA—PBE > OTMA—PBP.
of the geometry optimized cation or anion. The energy differ-  Calculation of the Activation Energy for Electron Trans-
ences that account for the inner sphere reorganization energyfer. The use of DFT to calculate the energies of solvated charge-
arise from the elongation of bonds that accompanies the removalseparated states requires a number of approximations discussed
of an electron from the HOMO (cation) or the addition of an in the foregoing sections. Nonetheless, we can use the energy
electron to the LUMO (anion). Calculations of the inner sphere gapsg, and reorganization energiés,to calculate the activation
reorganization energylitne) are presented in the second column energy using eq 5. The important point here is that we are
of Table 5. The typical values are of the order of-1I®O kJ/ comparing the activation energies of boronic acid and boronate
mol depending on the size of the molecule. The trend is for ester to see whether there is a profound difference that can
Ainner to decrease with increasing molecular size, and this trend explain the fluorescence quenching observed in biosensors of
is borne out in column 2 of Table 5. The outer sphere the type shown in Figure 1. Table 6 reveals that the difference
reorganization energy arises from the adjustment of solventin activation energy favors electron-transfer quenching in the
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TABLE 6: Activation Energies for the Franck —Condon energy of the dipolar charge-separated state nearly to the correct
Factor Of the Electron-Transfer Rate Constant Calculated range for quenching by nitrogen to generate a Charge-separated
According to Eq 5 state BNFA~. For example, trimethylamine (TMA) is known
electron-transfer process COSMO (kJ/mol)  to quench anthracene fluorescence and both the explicit solvent
TMA + anth— TMA* + antfr 77.2 model given in the Supporting Information and the COSMO
OTMAPBA + anth— OTMAPBA™" + anthr 26.6 calculation indicate that the energy of TMAanth is ~100
OTMAPBE + anth— OTMAPBE" + antiT 21.2 kd/mol (~1 eV) lower than that of the singlet excited state of

OTMAPBP + anth— OTMAPBP" + anth 183 anthracene (337 kJ/mol or3.5 eV). Thus, the computation

approach suggests a driving force of approximately 1 eV for

electron transfer. Such a value is consistent with the wavelength

of exciplex emission at around 500 nm (i.e. 20 000 ¢érar

2.5 eV) from systems such as dimethylaniline and anthrat®ene.
The rate constant for electron transfer will affect the

fluorescence quantum yield by providing a quenching mecha-

nism. The quantum yield for anthracene fluorescence is

esters (OTMA-PBE or OTMA-PBP) over that in the acid
(OTMA—PBA). This is opposite to the normally observed trend
in aqueous buffers. The calculations make the prediction that a
cis-diol ester will be more quenched than the corresponding
acid if the measurement is carried out in an aprotic polar solvent.
This prediction has been confirmed by measurements in
acetonitrile and dimethyl sulfoxide as discussed below.

Discussion ke
D
The classic experiments on biosensor moleduielicate that

ke + kyr T+ Ker
the electron-transfer quenching of anthracene fluorescence is L I
reduced by boronate ester formation in molecules of the type whereks andkyg are the intrinsic fluorescence and nonradiative

OTMA—PBE-anth in aqueous buffer. The origin of the change decay rate constants, respectively. For example, the fluorescence

in fluorescence quenching has been attributed to an increasedlu@ntum yielé@®and I|fet||méffor anthrac:_ne in ethanol arehO.27h
boron—nitrogen bonding interaction in the boronate ester form. @nd 5.3 ns, respectively. If no quenching is present, then the

However, the calculations presented here show the assumptiorPPServed fluorescence lifetime kgos = ke + kur, wherekg =
that nitrogen lone pair electrons are not simply “tied up” in a PFKobs Using the fact thakoss = 1/7ops We havekops = 1.9 x

strong boron-nitrogen bond. In fact, the boremitrogen bond 1¢s ke=51 X_107 s, andkyr =14 x 198 s, in the .

is quite weak, being roughly equivalent to a typical hydrogen absence of quenchinger depends on cﬁstance in the electronic
bond in both the trigonal boronic acid and tetrahedral boronate SPUPling factorV2 and Ihf energetzlcs in the FC factor through
ester forms. Moreover, thdifferencein bond energy for the ~ the activation energi® = (4 — ¢)%41. We consider each of
adducts OTMA-PBAO and OTMA-PBEQ is only~13 kJ/mol these_ factgrs to attempt to uno_lerstand how the fluorescent switch
at most, and in fact, the energy difference for OTMRBA90 functions in boror-nitrogen biosensors. , .
and OTMA—PBEQ0 is only ~0.5 kJ/mol (see Supporting Quenching of the anthracene excited state requires eff|c_|ent
Information). The results presented above suggest that theCharge transfer by the procegs. The fluorescent biosensor is
mechanism of action for molecules of tydemay involve triggered by formation ofgboronate ester tha}t reduces the yield
specific interactions with solvent water. The present study does ©f charge-transfer quenching, thereby increasing the fluorescence
not specifically address the new mechanism but does addresduantum yield. The FC factor for the electron-transfer reaction

problems with the original mechanism based orNBbond could be reduced because of two possible effects. First, the
formation. energy level of the charge-separated state could be increased,

The calculations agree with experimental trends in terms of thereby reducing the energy gapn the boronate ester form.

both structure and energies. The geometry optimized structureS€cond, the reorganization energgould be ir_1creased in the
with the perpendicular geometry shows a bond length for the boronate ester fqrm. Either of these would raise th_e b_aEier,
intramolecular B-N bond in the phenylboronic ester (OTMA for the photoexcited electron-transfer procéss, as indicated
PBE90) of 1.85 A, while the bond length in OTMAPBAQ0 [N €ds 4 and 5. The role of and /. was obtained by the

is 1.98 A. These results are in agreement with observed calculations in Tables 4 and 5, respectively. The results for the
structures that show a 90geometry for the boronic acid barrier presented in Table 6 show the opposite trend from that
moiety1723 The calculated bond length is 1.85 A, which is required for an increase in fluorescence upon formation of a

approximately 9% larger than the experimentally observed bond boronate ester. The reduction+in the barrier presented in Table
lengthsi7-23DFT calculations obtain the correct trends for bond © for formation of OTMA-PBE"—anth™ and OTMA—PBP"—

+__
strengths of interest where experimental data are available. ForantiT compared to OTMA-PBA™—antiT would suggest that
example, the bond strengths fdfC—C) in ethane andi(B— fluorescence should actually decrease for formation of the ester,

N) in borane and Bi—N(CHs)s differ from experiment by 28% contrary to literature precedents in water and alcohol solutions.
9%, and 23%, respectively. Although these are the largest 10 (est this hypothesis, we have conducted experiments in
relative errors in our study, it is thaifferencein bond strength acetonitrile and dimethyl sulfoxide that verify a decrease in

that is of interest here. For example, how are theNBbond fluorescence upon boronate ester formation in aprotic solvents.

length and bond strength affected by boronate ester formation? 1OWeVver, if one drop of methanol is added to the acetonitrile
The conclusions concerning the conformational effects are basedSolution, the pormally observed trend is observed, in which
as much on structure (changes in bond length) as on energetics/luorescence increases for boronate ester forméfion.

The bond lengths and frequencies calculated by GGA differ
from experiment by<10% in all cases and are mostly within
5% of the experimental valués** The ordering of the An electron-transfer mechanism for the trigger that gives rise
ionization potentials for anthracene and TMA is correct, and to a fluorescent biosensor triggered by boronic ester formation
both deviate from experiment by11%. The transition energy  has been explored by DFT calculations of a range of structures
for anthracene of 337 kJ/mol is within 5% of the experimental in neutral, cationic, and anionic forms. The driving force for
value. Solvation in a dielectric continuum model lowers the electron transfer is not significantly reduced in a phenylboronate

Conclusion
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ester (OTMA-PBE or OTMA-PBP) relative to a boronic acid
(OTMA—PBA). The electron-transfer mechanism for fluores-

Franzen et al.
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