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Evidence for Interfacial Halogen Bonding
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Abstract: A homologous series of donor—m—acceptor dyes was
synthesized, differing only in the identity of the halogen
substituents about the triphenylamine (TPA; donor) portion of
each molecule. Each Dye-X (X=F Cl, Br, and I) was
immobilized on a TiO, surface to investigate how the halogen
substituents affect the reaction between the light-induced
charge-separated state, TiO,(e”)/Dye-X", with iodide in solu-
tion. Transient absorption spectroscopy showed progressively
faster reactivity towards nucleophilic iodide with more polar-
izable halogen substituents: Dye-F < Dye-Cl < Dye-Br <
Dye-1. Given that all other structural and electronic properties
for the series are held at parity, with the exception of an
increasingly larger electropositive o-hole on the heavier
halogens, the differences in dye regeneration kinetics for
Dye-Cl, Dye-Br, and Dye-I are ascribed to the extent of
halogen bonding with the nucleophilic solution species.

A halogen bond is an attractive non-covalent interaction
between a halogen and a nucleophilic species.'"® Halogen
bonding has been characterized in fluid solution and in solid
state materials with applications in crystal engineering, anion
sensing, self-assembly, biotechnology, and catalysis.” 2%
Reported herein is kinetic evidence indicating that halogen
bonding also occurs at the solid-liquid interface. This finding
was enabled by systematic characterization of a homologous
series of donor—m—acceptor dyes, varying only in the identity
of two halogen atoms, at titanium dioxide acetonitrile
interfaces (Scheme 1). Light-induced interfacial electron
transfer experiments revealed enhanced photoreactivity
when larger, more polarizable halogens were employed.
This result offers compelling evidence that halogen bonding
assists the regeneration of the photo-oxidized dyes, which is
supported by computational data. The observation that
halogen bonding can occur at solid-liquid interfaces and has
a measurable effect on charge-transfer behavior, suggests that
it can be exploited in applications, including solar energy
conversion schemes.
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Scheme 1. Molecular structure of the Dye-X (X=halogen) series.

The ability of a halogen atom in an organohalide
compound to act as a Lewis acid arises from an electropositive
“o-hole” in the halogen np, orbital, surrounded by a belt of
negative charge from the filled ns and np,, orbitals.”*! An
important feature of the o-hole is that it increases with the
polarizability and principle quantum number (n) of the
halogen.??! In the case of organo-iodide compounds in
solution, the free energy change that accompanies halogen
bonding can be upwards of 10 kcalmol ™!, but is completely
absent for the corresponding fluoride compounds.’*¥ In
contrast, other intermolecular forces, such as those between
ions and dipoles, increase with the electronegativity of the
halogen atom. However, the small size of the fluorine atom
can lead to some exceptions. Hence, systematic studies of
a series of donor—m—acceptor dyes, where the halogens are
positioned on atoms far from the surface binding group, may
provide new insights into non-covalent interactions at inter-
faces and a means by which dipolar and halogen bonding
interactions can be distinguished.

Dyes were synthesized that differed only in the two
halogen atoms positioned para with respect to the nitrogen
atom of the TPA donor moiety (Scheme 1). These dye
molecules were anchored to mesoporous TiO, thin films
commonly used in dye-sensitized solar cells, with typical
surface coverages of 4 x 10~* molcm ™. Importantly, immo-
bilized dyes may eliminate the interference of some inter-
molecular reactions between the dye molecules that would
otherwise occur in solution. Immobilization also offers
control over the dipole orientation of the dye, allowing the
halogen bond donor access to the nucleophilic species in
solution.”! Additionally, the ability of TiO, to quantitatively
accept electrons from the dye excited states provides the
opportunity to photo-initiate interfacial electron transfer and
iodide oxidation reactions that may be influenced by surface
dipoles or secondary bonding interactions.”***! Nanosecond
transient absorption and computational studies of the Dye-X
series outlined herein reveal evidence for halogen bonding
interactions between iodide and the immobilized photo-

Angew. Chem. 2016, 128, 6060 —6064


http://dx.doi.org/10.1002/anie.201510641
http://dx.doi.org/10.1002/ange.201510641
http://dx.doi.org/10.1002/anie.201510641

GDCh
~~

oxidized dyes, TiO,(e”)/Dye-X*, where X is a heavy halogen
atom.

DFT modeling of the Dye-X and Dye-X" compounds,
shown in Figure 1, confirms that a o-hole is indeed present
opposite the covalently bound carbon on the heavier halogen
atoms X = Cl, Br, and I (Figure 1).5 The electropositivity of
the o-hole increases upon oxidation and with halogen polar-
izability. Note that Dye-F shows a negligible o-hole in the
ground and oxidized states, whereas Dye-I has a significant
positive charge on the poles of each halogen that increases
upon oxidation. The o-hole is opposite to the X—C bond and
can therefore accommodate a 180° R-X:-nucleophile bond
angle, which is expected and is well documented in the solid
state literature.*
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Figure 1. DFT models of the A) neutral and B) oxidized forms of Dye-X
show the existence of a o-hole on the pole of the halogen atoms
opposite the covalently bound atom for X=Cl, Br, and I. The electro-
static potential was plotted over the total electron density at an
absolute isovalue of 0.001.7*% Darkest red represents a potential of
—8.79 kcal mol™; darkest blue represents a potential of

54.6 kcalmol ™.

The TiO,/Dye-X materials displayed quasi-reversible
TiO,/Dye-X™" redox chemistry by cyclic voltammetry
(Figure 2). The frontier orbitals predicted by DFT analysis,
as well as prior research, indicate that the redox chemistry is
localized on the TPA donor portion of the molecules; that is,
TPA-*/TPA".?"! The difference in reduction potentials were
50 mV for TiO,/Dye-F and TiO,/Dye-Cl, and merely 15 mV
spanning TiO,/Dye-Cl, TiO,/Dye-Br, and TiO,/Dye-I
(Table 1). The aforementioned data indicates that the iden-
tities of the halogen atoms do not significantly influence the
dye electronic structures, thereby enabling interfacial reac-
tivity to be quantified without appreciable differences in the
driving force (AG®) for the series. Importantly, the redox
couples reside at a more positive potential than the relevant
one-electron redox potentials associated with iodide oxida-
tion.

Pulsed light excitation of TiO,/Dye-X in NaClO, solutions
(0.3 M in CH;CN) resulted in the immediate appearance of
the oxidized dye molecule. Such behavior is consistent with
rapid excited state injection, k;,; > 10°s™!, known for this class
of dye molecules [Eq. (1)].””" Excited state injection and
recombination to the oxidized dyes, k..~ 130s™" [Eq. (2)],
were insensitive to the presence of the halogen atoms. The
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Figure 2. UV/Vis absorption spectra for A) Dye-X and B) TiO,/Dye-X.
C) Cyclic voltammograms of TiO,/Dye-X. Data is summarized in
Table 1.

Table 1: Optical, redox, and dye regeneration data for Dye-X."!

Compound Mabs E° Keeg
[nm] V™! [x108m'sM
Dye-F 432 1.22 4.7
Dye-Cl 420 1.27 8.8
Dye-Br 429 1.28 10.9
Dye-l 432 1.27 13.5

[a] Data measured in CH;CN solutions at room temperature.

[b] TiO,/Dye-X measured in NaClO, (0.3 m) electrolyte at 100 mVs™' and
externally referenced to Fc'/° (+0.64 V vs. NHE).

[c] Corresponds to the slopes of the linear fits in Figure 3 B.

similar recombination rates are likely because of the modest
structural and thermodynamic changes (ca. 50 meV) associ-
ated with inclusion of the halogen atoms.

TiO,/Dye-X — TiO,(e~)/Dye-X* (1)
TiO,(e”)/Dye-X" — TiO,/Dye-X (2)

The regeneration of TiO,(e”)/Dye-X" by I [Eq. (3)] was
investigated at five different iodide concentrations from 0.5 to
10.0 mM. Representative data for the TiO,/Dye-X series,
quantified under low irradiance to ensure pseudo first-order
conditions, is shown in Figure 3. This comparison is partic-
ularly useful as the free energy change for the reaction is the
same within experimental error, and the o-hole for
TiO,/Dye-I was significantly larger. The observed absorption
transients were non-exponential in all cases and were well-
described by the Kohlrausch—Williams—Watts function
[Eq. (4)], as described by other groups.P¥l The first
moment of the function was taken as an observed “average”
rate constant, k., [Eq. (5)]. Here,  is inversely related to
a Levy distribution of rate constants and was fixed to 0.69
over all the kinetic data.**)

TiO,(e”)/Dye-X" + 21" — TiO, (e )/Dye-X + I, (3)
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Figure 3. A) Single wavelength kinetic data of TiO,(e”)/Dye-X" and I~
at iodide concentrations of 0.5-10 mm in NaClO, (0.3 m in CH,;CN)
solutions. Dyes were excited at 532 nm and probed near the peak of
the oxidized spectrum: 610, 620, 630, and 630 nm for X=F-I,
respectively. B) Overlaid plots of k,,, obtained from kinetic fitting of
the single wavelength kinetic data. The regeneration rate constants for
the reaction are listed in Table 1.

A(r) = Aje W (4)
kp
kobs = .

The k,,, values increased linearly with iodide concentra-
tion and the slopes abstracted from this data yielded the
second-order regeneration rate constants (k,.,; Figure 3). The
values for k., span about a factor of three and follow the
trend TiO,/Dye-I > TiO,/Dye-Br > TiO,/Dye-Cl >
TiO,/Dye-F (Table 1). Note that iodide oxidation is known
to occur by two distinct mechanisms, one that is first-order
and the other second-order in iodide concentration. With the
exception of the first-order pathway for TiO,(e™)/Dye-F",
both mechanisms are thermodynamically favored at these
interfaces, E° (I/17)=123V and E° (2I/I,;7)=0.93 vs.
NHE." While there is no direct experimental evidence for
a pathway that is second-order in iodide, it would be more
likely when halogen bonding brings two iodide ions within
proximity of the TPA donor group in the dye molecules.
Indeed, previous workers have invoked composite mecha-
nisms to rationalize the rapid kinetics of the intermolecular
reaction where ion-pairing between the oxidant and iodide
precedes electron transfer.***! In this regard, halogen bond-
ing provides an attractive alternative for iodide association at
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these interfaces that does not require the presence of
a cationic dye. High concentrations of iodide are important
for solar energy conversion near the maximum power point
condition, and specific interactions with the oxidized TPA
may help promote the second-order pathway. We note that
regeneration studies were not carried out with Br~ and Cl™, as
was done with I, because of thermodynamic considerations.

The regeneration rate constants for the TiO,(e”)/Dye-X"
series were progressively larger as the size of the halogen
increased, data that cannot be rationalized based on the
thermodynamic driving force of the reaction. For example,
iodide oxidation was approximately 1.5 times faster for
TiO,(e”)/Dye-I" than for TiO,(e”)/Dye-Cl*, even though
the free energy change was the same. Likewise, if the kinetics
were solely driven by thermodynamics, TiO,(e™)/Dye-Br*
would have the largest regeneration rate constant; contrary
to what was measured.

Attempts to identify halogen bonding with the
TiO,/Dye-X compounds through anion recognition and
halide titration experiments, similar to those widely used in
solution studies, proved inconclusive. The absorption spec-
trum of TiO,/Dye-F and TiO,/Dye-I showed a similar blue
shift upon addition of 5 mm tetrabutylammonium salts of C1 ™,
Br~, and I" (Supporting Information, Figure S1). These shifts
can be ascribed to non-halogen bonding interactions of the
added halides near the TPA unit. There was no reason to
suspect that these interactions were responsible for the
observed trend in regeneration rates, as Dye-F and Dye-I
displayed the same anion-induced absorption shift, yet with
vastly different k., values (Table 1). It is unsurprising that
evidence for halogen bonding was absent in these titration
studies, as prior research in homogeneous solutions indicates
that the halogen must be attached to an exceptionally
electron deficient ring to observe anion recognition spectro-
scopically.” Anion recognition experiments with the oxidized
dyes were unsuccessful because of dye desorption from the
surface.

DFT models were generated for the proposed Dye-X---1~
interactions by optimizing each structure with an iodide ion
positioned 4.5 A from the pole of one of the constituent
halogen atoms (Supporting Information, Figure SS5). The
interaction energy (AE;,) of each system was obtained by
taking the difference between the optimized single-point
energy, corrected for basis set superposition error (BSSE)
using the counterpoise method, and the energy of a non-
interacting system where iodide was positioned 12 A from the
dye. The value of AE;, was found to be 2.65 kcalmol ' lower
for Dye-I than for Dye-F, with a concomitant 0.59 A
contraction in internuclear distances (Table2). The
Dye-X--I" distances were calculated to be shorter than
predicted based on van der Waals radii for Dye-Br and
Dye-I, while the values for Dye-F and Dye-Cl were beyond
the predicted van der Waals distances. This data, which tracks
with the o-hole character for the dyes, is illustrated by the
intermolecular potential energy plotted as a function of
distance (Figure 4).

Natural bond orbital (NBO) analysis describes the
principal Dye-X-I" interaction as a donation of a lone pair
on iodide into the empty C-X o* orbital. The stabilization
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Table 2: Calculated intermolecular interaction metrics.
Compound  d(x.) vander Waals  AFE,, E?
AR AR [kcalmol™@  [kcal mol "]
Dye-F 428 3.53 —0.07 0.06
Dye-Cl 3.86 3.81 —0.40 1.30
Dye-Br 3.68 3.91 —1.52 4.04
Dye-I 3.69 4.04 —2.72 6.76
Dye-I" 3.61 4.04 —4.06 8.53

[a] Optimized internuclear distance between the halogen atom and
iodide ion. [b] Total van der Waals for X and iodide interaction. [c] BSSE
corrected interaction energy. [d] Stabilization energy from donation of
the I lone pair into the C—X anti-bond, determined by NBO analysis.

Energy (kcal mol™)

Internuclear separation (A)

Figure 4. Change in the potential energy as a function of the halogen—
iodide distance. The energy measured at a separation of 11 A is taken
as E=0 kcalmol .

energy (E?) of this interaction increased significantly for the
heavier halogen substituents (Table 2; Supporting Informa-
tion, Table S1). Similar analyses performed on structures
optimized with different iodide starting positions (Supporting
Information; Figures S6 and S7, Tables S2 and S3) did not
reveal significant periodic trends.

To confirm that this description of the Dye-X--I" inter-
action was still valid in the oxidized state, we carried out the
same computational analysis with Dye-I". The Dye-I"--1"
interaction shortened by 0.08 A and AE,, decreased by
1.34 kcalmol ™! relative to the values determined for neutral
Dye-I (Table 2). NBO analysis reveals a 1.77 kcalmol™
increase in E* for donation of an I" lone pair into the empty
C-I o* orbital, but otherwise does not suggest any significant
changes in the nature of this interaction. This result indicates
that the decrease in AE;, upon oxidation was exclusively
because of an increase in the strength of the halogen bond.
These collective computational results indicate that the extent
of halogen bonding does affect the strength of the intermo-
lecular interaction between the dye and iodide.

Previous computational and experimental studies have
shown that halogen bonding interactions are more significant
as the size of the halogen atoms increases (I > Br > CI), while
the magnitude of the molecular dipole is expected to show the
opposite trend. Herein, this behavior was exploited to study
non-covalent interactions and test whether halogen bonding
can occur at sensitized semiconductor-liquid interfaces.
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Nanosecond kinetic studies coupled with DFT analysis
provide compelling evidence that indicates halogen bonding
is operative. The regeneration rate constants follow the trend
I > Br > Cl > F, which cannot be rationalized with
thermodynamic considerations. While other non-covalent
interactions were certainly at play, given the homologous
structures of the series and similar electronic properties, we
ascribe these observed trends to the increased propensity of
the more polarizable halogen substituents to participate in
halogen bonding. This finding, which is supported by compu-
tational data, suggests that halogen bonding may be used to
control the distribution of ions at an illuminated interface.
This behavior may be exploited for solar energy conversion
and heterogeneous catalysis.
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