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Elucidating the factors that control charge transfer rates in relatively
flexible conjugates is of importance for understanding energy flows
in biology as well as assisting the design and construction of
electronic devices. Here, we report ultrafast electron transfer (ET)
and hole transfer (HT) between a corrole (Cor) donor linked to a
perylene-diimide (PDI) acceptor by a tetrameric alanine (Ala),. Selective
photoexcitation of the donor and acceptor triggers subpicosecond and
picosecond ET and HT. Replacement of the (Ala), linker with either a
single alanine or phenylalanine does not substantially affect the ET
and HT kinetics. We infer that electronic coupling in these reactions
is not mediated by tetrapeptide backbone nor by direct donor-
acceptor interactions. Employing a combination of NMR, circular di-
chroism, and computational studies, we show that intramolecular
hydrogen bonding brings the donor and the acceptor into proximity
in a "scorpion-shaped” molecular architecture, thereby accounting
for the unusually high ET and HT rates. Photoinduced charge trans-
fer relies on a (Cor)NHO=C-NHO=C(PDI) electronic-coupling
pathway involving two pivotal hydrogen bonds and a central amide
group as a mediator. Our work provides guidelines for construction
of effective donor-acceptor assemblies linked by long flexible
bridges as well as insights into structural motifs for mediating ET
and HT in proteins.

charge transfer | hydrogen bonding | corrole | folding | perylene diimide

any vital biological processes, including photosynthesis (1,

2), enzyme catalysis (3-5), and DNA repair (6-9), rely on
electron transfer (ET) through proteins and nucleic acids (10-12).
As the redox centers and chromophores mediating charge transfer
(CT) are normally separated by relatively long molecular distances
(>1 nm), the rates of ET and hole transfer (HT) depend critically
on the media between donors and acceptors. It follows that the
folding of biopolymer backbones plays a key role in governing CT
properties.

Owing to the complexities of studying ET processes in bio-
macromolecules, model systems composed of donor and acceptor
units located at the termini of oligomeric bridges have been
employed to gain insight into the factors that control the redox
behavior of biological systems. The evolution of biomimetic
and bioinspired molecular devices also has become a major
driving force for such studies (13). Despite the inherent flex-
ibility of natural biomolecular oligomers, rigid bridges are
common for the myriad of synthetic CT systems (10, 14-19).
The difficulty in accounting for conformational dynamics has
plagued interpretations of CT through peptides (20-22) and
foldamers (23-25).

Long-range ET through covalent bonds in donor-bridge—
acceptor (DBA) complexes has been the subject of numerous
investigations over the last 40 years (10-12, 26). Of particular
interest has been work on rigidly linked donor—acceptor units in
Ru-modified proteins that has provided experimentally validated
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tunneling timetables for interpretation and prediction of ET
rates in structurally characterized DBA systems (10). Theoretical
work by Beratan and others (27) has shed light on the factors that
control these couplings both in small molecular DBA complexes
and Ru-proteins.

Less well understood are couplings through solvents and other
noncovalent molecular assemblies, most especially those in DBA
complexes that feature B-group hydrogen-bond interactions (28,
29). In work reported here, we employ amino acids and an oli-
gopeptide as bridges in corrole (Cor)-peptide—perylenediimide
(PDI) DBA conjugates in order to elucidate the role of hydrogen
bonds in mediating biomimetic ET reactions. Specifically, we
focus attention on a tetrapeptide bridging group, (Ala),, which if
extended would separate D and A and greatly diminish through-
bond coupling. For comparison purposes, we also have investi-
gated related DBA systems, one with a single alanine (Ala),
another with phenylalanine (Phe) (Fig. 1). Varying the number
of bridging residues between one and four does not drastically
alter the excited-state dynamics of the DBA conjugates. Here,
we show that intramolecular hydrogen bonding opens efficient
DBA electronic coupling pathways for these CT reactions.

Significance

Long-range electron transfer pervades biology, chemistry, and
engineering, as it is critical for life-sustaining processes, chemical
transformations, energy conversion, as well as electronic and
photonic technologies. Elucidating the factors that control the
rates of long-range electron transfer remains an outstanding
challenge, owing in part to the complexity of proteins and other
macromolecular structures that mediate such processes. We
have found that short peptides linking electron donors and ac-
ceptors can assume folds with intramolecular hydrogen bond
interactions that provide electronic-coupling pathways for ul-
trafast charge transfer. Our work will assist designs of donor-
acceptor systems for efficient energy conversion and storage.
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Fig. 1. Structures of DBA conjugates comprising a corrole derivative (Cor) as electron donor, a perrylenediimide derivative (PDI) as electron acceptor, along
with the Cor-Phe and PDI used for controls. The hydrogen-bonding donors are highlighted in blue, and the hydrogen-bond acceptors are in red. The upfield-
shifted chemical shifts, obtained from 'H NMR spectra, indicate sections of the bridge (highlighted) that are above the Cor macrocycle plane.

Results

Design and Synthesis. The synthesis of the DBA complexes is
outlined in Scheme 1. The design of these dyads is based on the
following principles: 1) propensity of free-base corroles to form
strong hydrogen bonds; 2) ability of short peptides to fold via
intramolecular C=0"-"HN hydrogen bonds; 3) the presence of
C=0 in PDI, which may contribute to the folding process via
hydrogen bonds; 4) evidence from our earlier work that efficient
ET occurs between corrole and PDI (30, 31).

The DBA complexes take advantage of a unique structural
motif of amide-containing corroles that we recently discovered
(32). Specifically, trans-A;B-corroles, bearing —-OCH,CONHR
substituents at the ortho positions of the meso-phenyl group,
exhibit a pronounced propensity for hydrogen bonding between
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the amide carbonyl and corrole-NH (33). X-ray crystallography
and NMR spectroscopy confirm this strong interaction between
groups located at meso-10 position with the NH of the macro-
cyclic core in the solid state and in solution (32-34). This hy-
drogen bonding locks the amide group above the corrole cavity,
resulting in pronounced upfield shifts of its proton NMR signals
(A8 ~ =3 ppm). Since this intramolecular hydrogen bonding
perturbs the macrocycle structure, we use Cor-Phe as a model for
the electron donor (Fig. 1). Critically important are the two
electron-withdrawing Cg¢Fs groups at positions 5 and 15 that
serve to stabilize the corrole core (35).

Our work on CT dyads of covalently linked Cor as an electron
donor and PDI as an electron acceptor (30, 31) guided the
choice for DBA scaffolds (Fig. 2). Selective excitation of Cor at
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Scheme 1.

its Soret band between 390 and 440 nm or at wavelengths longer
than 570 nm triggers ET to the acceptor; and excitation of PDI in
the 460- to 530-nm region where Cor absorbs <10% of the light
induces HT to the donor (Fig. 3). Moreover, the large overlap of
PDI fluorescence and Cor absorption create the potential for
Forster resonance energy transfer (EnT) from the excited PDI to
Cor (Ry = 46 A assuming random orientation) (36).

The tetrapeptide bridge in the Cor-(Ala)4-PDI DBA conjugate
provides two important features. 1) Adding 12 covalent bonds to
an electronic-coupling pathway along the peptide backbone
should decrease the CT rate constant (kcr) by more than five orders
of magnitude (37), ensuring that any alternative short pathway,
composed of hydrogen bonds or van der Waals contacts, would
dominate the CT kinetics. 2) Alanine oligomers usually fold into
helical loops that tend to have 3;¢-helix hydrogen-bonded configu-
rations for short sequences (38-40). We would like to know whether
intramolecular hydrogen bonding with the donor and the acceptor
alters the propensity for formation of such 3¢-helix patterns.

Shortening the (Ala), bridge to a single residue (Ala, Phe)
should increase the rates of through-bond CT. Therefore, the
Cor-Ala-PDI conjugate (Fig. 1) serves as a control to test for
contributions from through-bond coupling pathways to the CT
kinetics. The side chains can play a role in protein CT by pro-
viding electronic-coupling pathways (41-43) and steric hindrance
that preferentially tightens some of the conformational folds.

CgHis
CgHiz "

Steps in the syntheses of Cor-Ala-PDI, Cor-(Ala),-PDI, and Cor-Phe-PDI.

The phenyl group in the bridge of the Cor-Phe-PDI DBA con-
jugate provides a means to test for such effects.

NMR Spectra. Our recent studies of self-organization in trans-
A,B-corroles bearing —-OCH,CONHR groups at the ortho posi-
tion of the meso-phenyl substituent revealed the propensity for
intramolecular hydrogen bond formation between pyrrole NH
groups and the oxygen of the amide carbonyl (26-28). Cor-Phe
has 4 hydrogen-bond donors and 4 hydrogen-bond acceptors;
Cor-Ala-PDI and Cor-Phe-PDI, 5 hydrogen-bond donors and 7
acceptors (2 of the 7 are on the distal end of PDI, however); and
Cor-(Ala),-PDIL, 8 hydrogen-bond donors and 10 acceptors (Fig. 1).
The high density of H-bonding groups, along with the flexibility of
the bridges, make these conjugates highly prone to intramolecular
hydrogen bonding, especially in nonpolar media. Amides possess
large electric dipole moments (44) that can be stabilized by burial
inside folded molecular structures in nonpolar media.

Analysis of "H NMR spectra, along with COSY, HSQC, and
HMBC, revealed several key structural features. The 'H and *C
NMR spectra reveal that some linker resonances in Cor-Ala-PDI,
Cor-Phe-PDI, and Cor-(Ala),-PDI are shifted upfield by as much
as —2.9 ppm from typical & values. Upfield shifts indicate protons
in proximity of the magnetic dipole axis created by the corrole
macrocyclic ring current induced by the external magnetic field.
On the basis of the hydrogen-bonding propensity of the pyrroles

Fig. 2.

Structures of (A) Cor-Ala-PDI, (B) Cor-Phe-PDI, and (C) Cor-(Ala),-PDI (two views), with geometries optimized using DFT at the B3LYP/6-31G(d,p) level

of theory for chloroform. Crucial stabilizing hydrogen-bonding interactions are marked with red dashed lines. The shortest through-bond donor-acceptor

electronic coupling pathways, (Cor)NH --O=C-NH-O=C(PDI), are highlighted in
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Fig. 3. Absorption spectra of the DBA conjugates. (A) Comparison of the spectra of Cor-PhePDI and its components, Cor-Phe and PDI. (B-D) Overlayed
normalized absorption spectra of 1, 10, and 100 uM of DBA conjugates in toluene. For measurements of 100 pM samples, 0.1-mm cuvettes were used.

with linker carbonyls, we attribute the upfield-shifted resonances
to protons located at similar distances from the corrole ring in the
three DBA complexes (Figs. 1 and 2). Furthermore, ROESY
spectra of Cor-(Ala)4-PDI exhibit through-space NOE correlations
that indicate conformers in which some corrole-ring B-protons are
in proximity to the methyl and the N-terminal amide of the third
alanine (Fig. 2C).

Optical Spectra. The tendency of corroles to deprotonate in
weakly basic polar media [e.g., nitriles, DMF (45)] dictated the
choice of toluene as the solvent for ET investigations. The ab-
sorption spectra of the DBA conjugates in toluene are unchanged
over a 1 to 100 pM concentration range (Fig. 3), indicating that the
Cor and PDI derivatives do not aggregate in toluene at micromolar
concentrations. Incorporation of Cor and PDI into the DBA con-
jugates causes minor perturbations in their absorption spectra,
predominantly in the bands of the Cor moiety (Fig. 34). These
small differences between the absorption spectra of Cor and the
DBA conjugates are most pronounced for Cor-(Ala)-PDI
(Fig. 3). We ascribe these subtle variations in the spectra to intra-
molecular interactions, such as hydrogen bonding, because of the
lack of concentration dependence of the optical spectra (Fig.
3 B-D). The absence of significant broadening and CT absorp-
tion precludes zn-stacking between the donor and the acceptor.
Furthermore, the lack of apparent CT absorption bands in the
DBA spectra indicates weak donor—acceptor electronic coupling.

Attaching even a single amino acid residue with a stereogenic
carbon center to the corrole moiety (e.g., Cor-Phe) introduces
pronounced optical activity in the Soret region of the spectrum
(Fig. 4). Adding PDI to the structures amplifies circular dichroism
(CD) signals; and changing the Ala bridge to Phe further enhances
the optical activity of the DBA conjugates (Fig. 4 4 and B). These
findings suggest that the additional aromatic and PDI moieties
tighten structures in conformers with preferred chirality.

The Soret CD spectra of Cor-Phe, Cor-Ala-PDI, and Cor-Phe-PDI
exhibit negative Cotton effects originating from splitting of the
Soret band: 1) at about 426 nm, dominating the CD signal; and 2)
at the absorption maximum at about 413 nm, responsible for the
hypsochromic CD shoulder (Fig. 4 4 and B). The sharp features in
the Cor-(Ala)-PDI Soret CD spectrum indicate a tighter structure
with the tetrapeptide bridge.

Computational Studies. The NMR findings, and prior X-ray dif-
fraction data (32-34), guide construction of computational models
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of the DBA conjugates. Geometry optimization at the DFT/
B3LYP/6-31G(d,p) level of theory with implementation of a PCM
solvent model (46) yields structures that are consistent with the
experimental findings (Figs. 1 and 2). For the structures contain-
ing single-residue linkers (Cor-Ala-PDI, Cor-Phe-PDI), the amino
acid and first methylene group from the aliphatic linker lie above
the corrole ring (Fig. 2 A and B), consistent with upfield shifts
of "H NMR resonances for these groups (Fig. 1). Intramolecular
hydrogen bonding between a pyrrole nitrogen proton and the
C-terminal carbonyl of the amino acid, along with favorable in-
teractions of the amide NH (from N terminus) with two oxygen
atoms (one ethereal and the other carbonyl from the C terminus),
stabilize a folded motif, leaving one carbonyl oxygen (an H-bond
acceptor) and one amide hydrogen (an H-bond donor) available
for further interactions. The calculations show that an additional
engagement between the NH of the C-terminal amide of the
amino acid and one of the PDI carbonyl oxygen atoms produces a
conformer with an eight-bond ring that is energetically favorable
in low-polarity media. In toluene, for example, hydrogen bonding
and folding stabilize the DBA conjugate by 164 meV (6.5kgT at
T =20 °C). The folded structure brings the corrole and PDI to a
center-to-center separation of 13.3 A and creates an electronic-
coupling pathway comprising two covalent and two hydrogen
bonds [(Cor)NH -O=C-NH-O=C(PDI)] (Fig. 2 A and B).

The Cor-(Ala)4-PDI DBA complex has considerably more
conformational freedom. Owing to the upfield shifted reso-
nances in the NMR spectrum, we constrained structural models
for Cor-(Ala)4-PDI to have two alanine residues within the aromatic-
ring current of the corrole. The remaining two Ala residues admit
a broad distribution of energetically accessible conformations. Our
calculations suggest that in toluene two folded structures and one
extended structure have energies within 5kgT of one another,
spanning center-to-center distances of 12.7 to 19.8 A (Fig. 2, also
see SI Appendix). Among these structures, the shortest electronic
coupling pathway has 2 covalent and 2 hydrogen bonds; the lon-
gest pathway is composed of 15 covalent bonds.

With the modeled structures in hand, we calculated CD spectra
using time-dependent density-functional theory (TD-DFT). We
initially treated the two chromophores separately with fragments
of the amino acid bridge. Calculations for the PDI fragment in-
dicate that hydrogen bonding with the amino acid induces CD
with the same sign and shape as the band in the experimental
spectrum (Fig. 4D). The calculations reproduce well the energies
of the bands for the Cor fragment and demonstrate that the signs
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(A-C) Experimental circular dichroism (CD) spectra of the three DBA conjugates in toluene, displayed with the CD spectrum of Cor-Phe. For com-

parison, ground-state absorption spectra of DBA compounds are displayed at the bottom of the panels. (D-F) Theoretically calculated CD and optical ab-
sorption spectra for (D) PDI linked with a “partial” bridge structure, i.e., Ac-(Ala)s-PDI; (E) Cor-(Ala)-PDI; and (F) Cor-(Ala),-PDI. The structures, calculated using
TD-DFT at the B3LYP/6-31G(d,p) level of theory for toluene, are shown above the corresponding panels with computed spectra.

of CD signals are sensitive to fine structural details. Armed with
findings on the separate fragments, we proceeded to calculate CD
spectra for the optimized geometries of Cor-Ala-PDI and Cor-
(Ala)4-PDI (Fig. 4 E and F). The signs of the bands in the ex-
perimental and calculated spectra are in reasonable agreement,
supporting the modeled folded structures containing the (Cor)
NH ‘O=C-NH‘O=C(PDI) motif in the three DBA conjugates.

ET Thermodynamics. The reduction potentials associated with Cor

oxidation and PDI reduction [E(clo/rz-)ﬂayr nd EPD,‘PD,._ respec-

tively], along with their zero-to-zero excitation energies (Eqo), allow
estimation of the driving forces for photoinduced charge transfer
(PCT) in media with different dielectric constants, & (47, 48):

1/2 172
g)g“T( )= (Ego/r-2|cOr(8D) Egl)/l\)?’DI' (84 )) —En+AGs+W.

(1]

For AGEr ), £y = £5°7; and for AGyr®, £y = EFPV. While
toluene is the medium of choice for these photomduced CT studies,

relatively polar media, with dielectric constants £D and g4 Ay A€ es-
sential for electrochemical determination of E(Co/r.+| cor AN E P[éII PDIe—>

respectively. The Coulomblc work term, W, accounts for the interac-
tion between Cor™* and PDI". For n-ET between a donor with an
initial charge x and an acceptor with an initial charge y, the Born
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solvation term, AGyg, corrects for the differences between medium
polarities for CT studies and electrochemical measurements (Eq. 2)

(48, 49):
2y—n(l 1
_u(,_f», 2]
T4 e &4

AGq = nq’ (2x+n<1_i)
8reg\ 1 \e gp
where ¢, is the electron charge, and r, and r4 are effective radii
of the donor and acceptor, respectively.
Considering one-electron oxidation and reduction of noncharged
donors and acceptors, i.e., n = 1 and x =y = 0, for identical elec-
trochemical solvents, i.e., ep = €4 = e, simplifies the expression for

the PCT driving force as well as the dependence of the potential
differences, AEf,l/ D(e) = E(Clo/rz.i‘a,,( )— E%ﬁPDI._(s), on the me-

dium polarity as implemented by the Born solvation energy:

AGY. (s) = FAED(e) = £ + W, [3a]

AES () = - i) [3b]

2
1/2) q 1
AE ( +—4 -
0 (2e) 87[80FSl/r<8
where Sy, is the sum of the inverse radii of the donor and ac-
ceptor: S1, =rp- L

The acidity of pyrrole protons in oxidized free-base corroles
affects their electrochemical behavior (50, 51). The first one-electron
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oxidation leads to triprotonated radical cations, Cor[Hz]"*, that have
increased acidity and readily protonate basic solvents, B, or other
corroles within voltammetry timescales (milliseconds to seconds):
Cor[H3]"™" + Cor[H3] — Cor[H,]" + Cor[Hy]*; Cor[H3]" + B -
Cor[H,]" + BH™. Positive-sweep cyclic voltammograms of free-
base corroles, therefore, show anodic waves corresponding to the
oxidations of Cor[H,]" and Cor[H,]" that closely follow the initial
one-electron oxidation wave (51).

For a low-polarity solvent such as CH,Cl,, positive-sweep cy-
clic voltammograms of Cor-Phe show a well-defined anodic wave
corresponding to the initial oxidation, with a peak potential at
about 1 V vs. SCE (Fig. 54). While occasionally a small cathodic
peak around 0.85 V vs. SCE becomes detectable at low con-
centrations of supporting electrolyte, C,;, the oxidation of Cor-
Phe tends to exhibit irreversibility at scan rates on the order of
100 mV-s~' (Fig. 54). For irreversible oxidation, the inflection

point of the first anodic wave provides an estimate for E(Clo/rz.)+|C0r

(52). Increasing solvent polarity not only causes negative shifts of
the oxidation features in the voltammograms, but also broadens
the first anodic wave and merges it with the waves that follow.
An increase in electrolyte concentration also induces slight
negative shifts in the reduction potentials of Cor"*-Phe (Fig. 54).
For each solvent, extrapolation to zero electrolyte concentration,
i.e., C, = 0, allows estimation of the potentials for neat solvent,
EY'? (Fig. 5B) (53-55).

The cyclic voltammograms of PDI show two reversible re-
duction waves (Fig. 54), consistent with previously reported
electrochemical behavior for this chromophore (56). The mean
of the first cathodic and anodic peak potentials provides estimates

for E%IZ&JDI.,. Combining the results for PDI and Cor-Phe for three
different solvents allows an estimation of the potential difference
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AEE)I/ ? for toluene from the linear fit of AEgl/ 2)(e)vs. el Sy, =

0.36 + 0.07 A", and AES"® (eotiene) = 2.3 £ 0.1 eV (Fig. 5C and
Eq. 3b). The uncertainty indicated by the shading around the curves
for AGcr” (Fig. 5C) originates from the uncertainty in estimating

AE(()I/ ? in toluene.

The estimated Mgl /? in toluene simplifies the calculations of
CT driving forces pertinent to this study (Eq. 3a). The dependence
of the Coulombic term, W (Egs. 1 and 3a), on the center-to-center
donor-acceptor distance, Rpa, which is especially pronounced for
nonpolar media (57), can induce variations in AG¢r® that amount
to half an eV (Fig. 5D). An increase in Rpa causes negative shifts in
AGEr® and AG®, and a positive shift in AGR© (Fig. 5D). For
a center-to-center distance between PDI and Cor exceeding about
20 1&, AGEr® assumes positive values such that ET is unfavorable.
Conversely, AGHr(O) and AGRr™ are negative over the entire Rpa
range (Fig. 5D).

Excited-State Dynamics. Electrochemical and photophysical anal-
yses of Cor-Phe and PDI reveal favorable thermodynamics for
the formation of a CT state, Cor*~PDI"", via multiple pathways
(Scheme 2). Whether CT reactions can compete with deactivation
of locally excited (LE) states (‘Cor*, "PDI*), however, depends on
the strengths of electronic couplings within the amino acid linkers.

Cor and PDI fluorescence quantum yields (¢;) indicate
accelerated excited-state decay when incorporated in DBA
conjugates. Selective Cor (Ax = 620 nm) or PDI excitation (Aey =
465 nm) in DBAs reveals quenched fluorescence (Table 1),
consistent with efficient ET, HT, and EnT, even in the conjugate
with a tetrapeptide bridge. That ¢y in Cor-(Ala),-PDI is just three
to seven times greater than that of Cor-Ala-PDI or Cor-Phe-PDI
indicates that the tetrapeptide bridge does not substantially retard

oy
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Fig. 5. Electrochemical analysis of Cor-Phe and PDI and thermodynamic parameters for the different CT processes. (A) Cyclic voltammograms of Cor-Phe and
PDI in dichloromethane at 25 and 10 mM electrolyte concentrations (Ce). (B) Dependence of the measured half-wave potentials [EY] on electrolyte con-
centration in dichloromethane extrapolated to neat solvent [Eo“’z) at Co; = 0 mM]. (C) Dependence of the neat-solvent potential difference [AEg”Z)(s), Eq. 3]
on solvent inverse dielectric constant (¢~'). (D) Calculated driving forces for ET [—AGET(O)], HT [—AGHT(O)], and CR [—AGCR(O)] as functions of donor-acceptor
center-to-center distance (Rpa) in toluene. The medium reorganization energy (1) is obtained from the Marcus two-sphere model (Eq. 5). Inner-sphere
reorganization (0.13 eV < 4, < 0.26 eV) was estimated from Franck—Condon analyses of Cor and PDI fluorescence spectra.
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ET and HT reactions in these conjugates (37, 58). The quantum
yields indicate that deactivation of "PDI* via EnT and HT is more
efficient than ET from 'Cor* in the three DBA conjugates. The
estimated Forster distance for 'PDI*—Cor EnT (46 A) exceeds
Rpa even for fully extended DBA conformations, consistent with
efficient EnT. For HT to contribute to "PDI* decay, the HT rates
must be comparable to those of EnT.

The exponential fluorescence decay times of 'Cor*-Phe and
'PDI* (4.5 and 4.7 ns, respectively; Table 1) correspond to ra-
diative (k) and nonradiative (k,,) decay rate constants kr= 3.3 x
10%k,,, = 1.9 x 10° s for 'Cor*-Phe, and k; = 1.8 x 10%k,,, =
3.2 x 10® s7' for 'PDI*. The three DBA conjugates exhibit
multiexponential fluorescence decays, consistent with CT
quenching by multiple DBA conformers (SI Appendix). The ¢y
values for Cor-Ala-PDI and Cor-Phe-PDI su§gest that HT and
ET rate constants (kg and kgt) exceed 10" s, but the time
resolution of the fluorescence decay measurements (~50 ps)
prevented observation of the fastest excited-state decay compo-
nents. Consequently, we turned to femtosecond transient ab-
sorption (TA) spectroscopy to explore the earliest DBA excited-
state events (Scheme 2).

TA spectroscopy reveals that Cor photoexcitation in DBA
derivatives is followed by a picosecond rise of PDI"~ and Cor™*
650/850 nm transients (30), and there is concurrent bleaching of
PDI ground-state absorptions (Figs. 6 and 7 A-D). As with
fluorescence decay measurements, we observed heterogeneous
TA kinetics for the DBA conjugates with decay components of
3-5, 40-60, and 160 ps (Table 1 and Fig. 8 A-C). In addition, a
1.4-ns decay was observed in Cor-(Ala),-PDI. Importantly, these
results suggest comparable donor—acceptor coupling pathways in
all three DBA conjugates.

PDI photoexcitation is followed by a ground-state bleach,
stimulated emission (SE), and a broad TA signal in the 650- to
850-nm region attributable to a singlet excited state (Fig. 6B).
Within 1 to 2 ps in the DBA conjugates, the PDI stimulated
emission disappears and the broad 650- to 850-nm 'PDI* TA
evolves into bands corresponding to PDI'~ and Cor"* transients
(Fig. 7 E-G). The dynamics are consistent with 1) photoinduced
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Scheme 2. Jabtonski diagram depicting photoinduced processes in Cor-PDI
conjugates.
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HT to Cor and 2) EnT to Cor, followed by ET (Scheme 2). After
these ultrafast changes in TA spectra, a further increase in the
radical-ion TA accompanies growth of the PDI ground-state bleach
(Fig. 7 E-G), consistent with the ET from 'Cor* to PDI observed
upon direct photoexcitation of the donor (Fig. 7 A-C). The ob-
servation of 30- to 70-ps ET upon photoexcitation of the acceptor
indicates that "PDI* to Cor EnT accompanies the initial HT.

Global fitting can help distinguish HT from EnT-ET processes.
In the case of HT, for example, the PDI ground-state bleach does
not change during 'PDI TA decay. In the case of EnT, on the other
hand, the PDI bleach recovers during 'PDI* TA decay. The ET
that follows EnT restores the PDI bleach but not SE or 'PDI* TA.

Picosecond HT accompanies EnT that can be in the sub-
picosecond time domain (Table 1). The heterogeneity of the
kinetics reflects the diversity of conformational populations of
DBA conjugates. For Cor-Ala-PDI and Cor-Phe-PDI, HT does
not contribute substantially to "PDI* deactivation (Table 1),
consistent with the large R, and favorable orientation of transi-
tion dipole moments of the donor and acceptor. For Cor-(Ala)4-
PDI, however, HT is a key deactivation channel for "PDI* (Ta-
ble 1). Unlike Cor-Ala-PDI and Cor-Phe-PDI, the picosecond
decay of 'PDI* in Cor-(Ala),-PDI appears to accompany TA
growth of radical ions (Figs. 7H and 8 D-F), consistent with HT
(Scheme 2). As CD shows, Cor-(Ala),-PDI forms structures
more tightly folded than those of Cor-Ala-PDI and Cor-Phe-PDI
(Fig. 4 A-C).

The changes in TA spectra of the DBA conjugates when ex-
citing the acceptor do not provide sufficient resolution for global
fitting to determine the rates of competing HT and EnT processes.
Nevertheless, comparison of exponential amplitudes [;(4)] for se-
quential ET and charge recombination (CR) reveals that roughly
60% of Cor-Ala-PDI and Cor-Phe-PDI CT states originate from
ET from !Cor* to PDIL For Cor-(Ala),-PDIL, on the other hand,
90% of the CT state is generated by direct HT from '"PDI* to Cor.
These findings indicate that Cor-(Ala)4-PDI EnT is much less ef-
ficient than that of either of the other two DBA conjugates.

While the calculated Ry value of 46 A assumes random D and
A transition-dipole-moment orientations, i.e., k = 2/3, this as-
sumption may not be justified for these DBA conjugates, par-
ticularly Cor-(Ala),-PDI. The CD results (Fig. 4C) and lower
EnT efficiency suggest that Cor-(Ala)4-PDI adopts tight con-
formations in toluene where the PDI emission transition dipole
moment is roughly orthogonal to that for Cor Sy—S; absorption.

The DBA CR reactions (CR, Scheme 2) display multiexponential
kinetics with time constants in the 0.4- to 2.6-ns time range. That the
CR reactions are substantially slower than the excited-state charge
separation processes (Table 1, Figs. 7.D and 8 A-C) even though there
is 1.0- to 1.4-eV greater free-energy release (Fig. 5D) is a clear indi-
cation of inverted driving-force behavior.

Discussion

ET Kinetics. Semiclassical theory (Eq. 4) provides a platform for
analysis of CT processes (Table 1) (59).

2
AGY + /1)
47k T

2r

= [4]

ker [Hpa |2 exXp| —

In Eq. 4, 4 is the reorganization energy, comprising the inner (4,)
and medium (4,,) contributions (4 = 4, + 4,,). The solvent reor-
ganization energy depends on the distance between donor and
acceptor (Eq. 5) (59); the low dielectric constant of toluene con-
strains 4,, to 25-55 meV over a 9- to 25-A span of Rpa (Fig. 5D).
The uncertainty in Sy, obtained from the slope of the linear fit
of AEgl/ Dys. et (Eq. 3b and Fig. 5C), has a relatively modest
contribution to the uncertainty in A:
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Table 1. Fluorescence quantum yields (¢;) and excited-state decay kinetics parameters for Cor, PDI, and three DBA conjugates

Cor-Phe PDI Cor-Ala-PDI Cor-Phe-PDI Cor-(Ala),-PDI
pACor) x 10% (Jex = 620 Nm) 15+3 — 0.20 + 0.07 0.33 +0.13 1.4 + 0.3
Tkp x107%57" 0.22 + 0.02 — — — —
HAPDI) X 102 (Ao = 465 nm) — 85+6 0.02 + 0.01 0.04 + 0.01 0.11 + 0.04
Tkp x107%/5" — 0.21 + 0.02 — — —

Aex = 400 nm*
ker x1079571

ker x107%/57

Aex = 465 nm*t
kent 107957 1*

kyr x107%/5~1%

260 + 60 (0.34)
24 +1(0.53)
6.6 + 0.2(0.13)

2.5+ 0.2 (0.42)
0.77 + 0.04 (0.58)

1,700 + 300 (0.50)
360 + 40 (0.43)

190 + 3 (0.06)
12 +3(0.01)

180 + 30 (0.32)
16 = 2 (0.53)
6.3 + 0.5 (0.15)

1.4 + 0.2 (0.52)
0.38 + 0.08 (0.48)

1,400 + 200 (0.33)
360 + 30 (0.62)

27 + 4 (0.04)5
20 + 5 (0.01)8

360 + 40 (0.34)
21 + 3 (0.48)
6.6 + 0.4 (0.07)

0.72 + 0.05 (0.11)

0.91 £+ 0.3 (0.20)

0.58 + 0.04 (0.80)

1,500 + 300 (0.34)
22 + 2 (0.05)
7.8 + 1.2 (0.04)

260 + 40 (0.06)°
230 + 30 (0.48)°

7.4 + 2 (0.03)
ker x1079571 — — 280 + 40 (0.34) 190 + 40 (0.32) 180 + 50 (0.40)
31 + 5 (0.53) 10 + 3 (0.57) 16 + 2 (0.44)

keg X107

7.0 £ 0.9 (0.13)

1.8 +£ 0.4 (0.67)
0.56 + 0.08 (0.33)

6.0 + 0.6 (0.11)

3.5+ 0.6 (0.17)
0.42 +0.13 (0.83)

4.4 + 0.9 (0.06)
0.54 + 0.04 (0.10)
0.68 + 0.09

Rate constants for energy transfer, kg,r, hole transfer, kyr, electron transfer, ket, and charge recombination, kcr (for toluene), were obtained from global
fit analyses, employing multiexponential functions for each of these CT processes, AA(}, t) = Z; a;(A) exp(—k; t). Values of rate constants from multiexponential
fits are reported along with the corresponding normalized preexponential factors (in parentheses), i.e., k; (@), where X, a; = 1.

*ker represents 'Cor* + PDI — Cor™ + PDI™ leading to simultaneous decay of the TA of 'Cor* and the Cor stimulated emission (SEc.,) and growth of the PDI
bleach (Bpp) and the TA of radical ions (Scheme 2 and Figs. 6-8). kcg represents Cor™* + PDI™™ — Cor + PDI leading simultaneous decays of the TA of radical ions
and recovery of ground-state bleaches of Cor and PDI, B¢, and Bpp, (Scheme 2 and Figs. 6-8).

"When PDI is photoexcited, kg,r represents Cor + 'PDI* — 'Cor* + PDI leading to simultaneous decay of the TA of '"PDI* and SEpp,, growth of B¢, and TA of
Cor*, SEcor, and recovery of Bpp, (Scheme 2 and Figs. 6-8). ki1 represents Cor + 'PDI* — Cor™ + PDI™ leading to simultaneous decay of the TA of 'PDI* and
SEpp; and growth of Bcor and the TA of radical ions (Scheme 2 and Figs. 6-8).

*EnT and HT are competing processes for the decay of 'PDI* (Scheme 2), i.e., AA(, ) = = ai(A) exp(~(kent; + kit + ko™P") 1) where ko™ = 2.1 x 108 s~
(measured using time-resolved fluorescence for PDI) accounts for 'PDI* decay in the absence of Cor. Thus, ;"™ = a; kgnt; (kent, + ki)' and o7 = a; kyyr;
(kent; + kur) ™" considering that ko®P? << kgnr; and ko™ << k.

SSimilarities between kyr; and kyr; values (within the uncertainty of the analysis) are indicative of virtually identical HT rates for two populations that exhibit
different EnT rates.

62 1 1\/1 1 ) ) A J (0) . 2
A = S | (S — [5] eXp—‘;) w <D> (AG +/1,,,+Jhuc)
4re <n2 8)(2 Y Rp,y ker = 2—”|HDA|2 s Z h.c exp CT
h ImksT =5 J! 44,kgT

For reactions far into the inverted driving-force region [i.e.,
—AGCT(O) >> ]], semiclassical theory underestimates nuclear tun- [6]
neling contributions. The Marcus-Levich-Jortner model is more
appropriate for this regime, as it takes specific account of nuclear
tunneling (60) (Eq. 6):

In Eq. 6, v represents a single high-frequency vibrational mode
(or an average of frequencies). Values of inner-sphere reorganization

A 0.04 - -
Cor-Phe

<
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Aex = 400 nm

X I
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500 600 700 800 500 600 700 800
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Fig. 6. TA spectra for (A) Cor-Phe, lex = 400 nm, and (B) PDI, Aex = 465 nm for toluene (B, ground-state bleach; SE, stimulated emission).
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Fig. 7. TA dynamics for DBA conjugates upon excitation of (A-D) electron donor Cor at 400 nm and (E-H) electron acceptor PDI at 465 nm (pulse FWHM ~50
fs, 4 uJ per pulse). (A-C and E-G) TA spectra, showing the ground-state bleach of the electron donor, Bc,,, and of the electron acceptor, Bpp,, the stimulated
emission of the acceptor, SEpp,, and the TA of the radical ions. Spectral features of the two radical ions overlap in the 650- to 900-nm region. The molar
TA hard to see (D and H). TA kinetics traces recorded at 750 nm where PDI™,
'Cor*, and 'PDI* absorb; and the AA(#) traces, which were obtained from global fits, show the kinetics of (D) photoinduced ET and the CR as well as (H) the

extinction coefficient of PDI™™ is much larger than that of Cor™

photoinduced EnT and HT and the ET and CR that follow.

Orfowski et al.

Role of intramolecular hydrogen bonds in promoting electron flow through amino acid

and oligopeptide conjugates

, making the Cor™

Cor-Ala-PDI
BCor »

\ Agx =465 nm |
1 4 (toluene)
70'1_'I"""'I""l""l"'l""I'
500 600 700 800
F A/ nm
< ] . [
< 0.1+ —— 300 ps -
! — 15 i
] > trcr 0 L
0.0} - :
] Aex = 465 nm
(toluene)
500 600 700 800
/ nm
0.05
1Cor-(Ala),-PDI m
0.00 - -
e 0.1ps 3
— 05ps E
-0.10 L
S —— 100 ps .
0.03 S
] S |
Ay =465 nNm
-0.03 (toluene) |
L AL T 25 B BY L LA S G LR L SEL A T . N B e TR
500 600 700 800
H A/ nm

al i a sl L1l PR
ECOFN& (toluene)
000 —

Cor-Phe-PDI

Lnooz
— 'Cor* (W,
<1000 e —————
J E Cor-(Ala),-PDI Agx = 465 nm
00 500 ° ‘%0 * * "foo0 ”

t/ ps

PNAS | 9of 12
https:/doi.org/10.1073/pnas.2026462118

CHEMISTRY


https://doi.org/10.1073/pnas.2026462118

Downloaded at UNIV OF CALIFORNIA RIVERSIDE on March 11, 2021

w Cpr - PDI'~ Cor* — S, (Cor)
— 'PDI* — S, (PDI)
A J S R TTI DUUW R TTT! BUSE AT DUV EETH I D [ P ST DUV R TTT! DUN SR TT DUS AT TETH| I
" 3 '{—_ Cor-Ala-PDI 3
] Cor-Ala-PDI . ] 5
z ] ; = -
> 0+ 5 > 04 E
< ] C < ] C
1 C 1 (Aex = 465 nm) y
1 (Aex = 400 nm) - ] o -
] 5-
T LENR A L BT A | L LR LR R ] | LA SRS LB | L A T R EAL | LI T LN R T A0 | LES B R | LIS P S 6 B | LERNRUNE JC. B AL EE] | L]
0.1 1 10 100 1000 0.1 1 10 100 1000
t/ ps t / ps
B — 1l ol ol pov vl sl i E _I vl L1l L1l L1l Ly
" - 14__ Cor-Phe-PDI -
1 Cor-Phe-PDI ] 3
Z ] [ Z ] 5
T3 073 T g i .
< ; < (Aex =400 nm) -
7 (Aex =400 nm) 3 ] 3
RE - -1 5
LAY | LS LR LLEEL | L ER IR RL] | LR EL LY | LEELEL R R EEL) ) JE T I A B ERAL] | LENEURNUI SLE 2 | LI B B R R AL | LEFL R LR R | X
0.1 1 10 100 1000 0.1 1 10 100 1000
t/ ps t/ ps
C _I Lol Ll Lol ol T F _I ol Lol Ll Lol L
13 E LE Cor-(Ala),-PDI C
g E 2 ] :
Tx 07 i i 04 -
< ] - - B ] C
] Cor-(Ala),-PDI ] < ] (Aex = 465 nm) g
1 (Aex =400 nm) C R r
14 o 1 o
0.1 1 10 100 1000 0.1 1 10 100 1000
t/ ps t/ ps

Fig. 8. Excited-state dynamics of Cor and PDI in the DBA conjugates extracted from TA analysis, showing the rises and the decays of the CT state, Cor™*~PDI™,
the locally excited states, "Cor* and 'PDI*, and the ground-state bleaches, So(Cor) and So(PDI). (A-C) Electron donor excitation (Cor, 400 nm); (D-F) electron

acceptor excitation (PDI, 465 nm). Changes in molar fractions are normalized to the initial amplitudes of locally excited states, i.e., Ay;™(t) =

(AA('Cor*), _ o + AA('PDI*), _ o).

energies for large polycyclic aromatic compounds tend to be less
than 0.2 eV (61, 62). We can estimate A, contributions to Cor and
PDI CT on the basis of their fluorescence spectra. In a simple one-
electron approximation, the fluorescent excited states of Cor and
PDI arise from the promotion of one electron from the bonding
highest-energy occupied molecular orbital (HOMO) to the anti-
bonding lowest-energy unoccupied molecular orbital (LUMO).
The inner sphere reorganization energy associated with this pro-
cess will be an upper limit to that involved in removal of one
HOMO electron (oxidation) or delivery of one LUMO electron
(reduction). Two-mode (one classmal one quantum) Franck-
Condon analyses of the 'Cor and 'PDI fluorescence spectra
(see SI Appendix) indicate that the upper limit to the inner-
sphere reorganization energy for Cor-PDI CT is about 0.26 eV
(0.18 eV quantum; 0.08 eV classical). The lower limit is likely
to be no less than half of this value, suggesting that the range
for 4, is 0.13-0.26 eV (shaded region of the curve for 1 in
Fig. 5D).
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The remaining unknown quantity in Eq. 6 is the electronic cou-
pling strength, Hpa. The coupling along the (Cor)N-H---O=C-N-
H---O(PDI) route can be estimated using the Beratan—Onuchic
pathway model (37). This approach decomposes a pathway into a
sequence of covalent bonds, hydrogen bonds, and through-space
contacts, representing the overall co })hng as repeated products
of the coupling decays [¢© )] for each step (Eq. 7):

0
Hps = Hl(»)l

<C>H (H)H€<S) [7]

The (Cor)N-H:--O=C-N-H:--O(PDI) pathway is composed of two
covalent bonds [¢“) = 0.6] and two H bonds. Coupling decays across
the latter scale exponentially with distance (“? = 036 exp[-1.7(7‘" -

2.8)]). The computed structure (Fig. 2C), optimized for tolu-
ene as a solvating medlum predicts that r(coryn-1-- o =298
A and N-H-- o(pDI)( =3.02 A. The predlcted couphng along
the (Cor)N-H-*O=C-N-H---O(PDI) pathway is Hps = 0.024
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Fig. 9. Driving-force dependence of Cor/PDI CT rate constants in toluene
(black) and driving-force dependence calculated using Eq. 6 with the fol-
lowing parameters: 4, = 38 meV; 4, = 260 meV (180 meV quantum; 80 meV
classical); hvc = 0.156 eV; Hpa = 3.1 meV (blue); Hpa = 131 meV (red).

Hpa©, where Hpa® represents the electronic coupling when the
donor and acceptor are in contact.

The electrochemical and optical properties of Cor and PDI
(Fig. 5), the calculated structures (Fig. 2), and the solvent charac-
teristics permit estimates of all parameters for the semiclassical
analysis (Eq. 6) except Hpa®. The ET and HT rate constants
(Table 1) are consistent with nonadiabatic reactions (Hpa = 3.1 meV,
Fig. 9), corresponding to the pathway-model prediction of 130 meV
for the coupling at contact. The CR rate constants, however, are
much greater than predicted for this coupling strength. The
electrostatic attraction between Cor™ and PDI in toluene is likely to
drive a conformational change that brings the ions into contact or
possibly separated by a single solvent molecule. If we assume that
Hpa = 013 eV, the rate constant calculated using Eq. 6 is much
closer to the experimental value (Fig. 9), although it is possible that
conformational dynamics contribute to the observed recombination
rate constants. Moreover, polarization of the wavefunctions in the
radical ion pair could enhance electronic coupling for CR. Prior
evaluations of electronic coupling across a single toluene molecule
suggest a value of ~2.5 meV (63). Investigations of CR in radical ion
pairs indicate coupling strengths of ~1.2 meV for solvent-separated
ion pairs, and ~0.12 eV for contact ion pairs (64).

Concluding Remarks

The close similarity of the CT dynamics for all three DBA conju-
gates (Table 1) suggests comparable electronic coupling pathways.
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The strong hydrogen-bonding propensities of pyrrole NH groups
are crucial for shortening the coupling pathway between the donor
and the middle of the bridge. Another equally important structural
feature is the tendency of the PDI imide carbonyls to interact with
hydrogen-bond donors on the bridge (Fig. 2). These hydrogen-
bonding capabilities of the donor and acceptor are exploited in
stabilizing the conformation that features the (Cor)NH O=C-
NH: "O=C(PDI) tunneling pathway motif. A single amide from the
middle of the bridge hydrogen bonds with both the donor and ac-
ceptor, providing relatively strong electronic coupling while keeping
the CT Rpa < 20 A for AGg® < 0 (Fig. 5D). The heterogeneity of
HT and ET kinetics (Figs. 7 D-F and 8 D-F) is consistent with the
structural fluctuations observed for these compact DBA conjugates.
Future investigations could address the role of vibrational excitation
of the bridge in modulating ET and HT kinetics (65).

Folded structures with intramolecular hydrogen-bonding net-
works can greatly enhance the rates of DBA CT reactions. ET
rate maxima result when the driving force matches the reorga-
nization energy [-AGcr(” ~ ] (Fig. 9). CT reactions of Cor/PDI
DBA complexes in toluene (& = 2.38) involve very little solvent
reorganization (25-55 meV) coupled with a relatively modest
inner-sphere contribution (130-260 meV). Consequently, only
very small driving forces are required to achieve optimal CT
reactions. It has long been recognized that photoinduced
charge-separation reactions exhibit a weak dependence on
solvent polarity despite the fact that both AGcr™ and Ay, are
extremely sensitive to solvent dielectric constant (66). For
charge-separation reactions, reducing solvent polarity lowers
both —AG°ct and 1, leading to relatively weak solvent de-
pendences. CR reactions, on the other hand, tend to become
more deeply inverted as solvent polarity decreases, favoring
long-lived charge separation. In the Cor/PDI DBA conjugates,
this effect was partially negated by structural changes that
enhanced CR electronic coupling.

Our structure—function analysis of DBA conjugates with pep-
tide bridges has revealed structural features that could assist in the
design of efficient CT systems. When an electron donor and ac-
ceptor contain substituents capable of hydrogen bonding in
aprotic nonpolar (but polarizable) environments, intramolecular
hydrogen-bond interactions can provide more efficient CT elec-
tronic coupling pathways. We emphasize that relatively small
DBA conjugates, such as the ones reported here, can serve as
functional models for understanding the fundamental factors that
control the dynamics of ET and HT reactions in natural biomol-
ecules as well as complex molecular machines.
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