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Electric fields affect any process or transition that involves the movement of charge. Stark spectroscopy is a
general term describing the study of spectral changes in the presence of electric fields, and it has proven to
be a broadly useful approach for characterizing the change in dipole moment and polarizability for electronic
and vibrational transitions. This article focuses primarily on the evolution of the approach and interconnected
applications in diverse fields from our laboratory and prospects for the future. Our work began with studies
of chromophores in photosynthetic reaction centers whose function is light-driven charge separation, so
perturbations by an electric field were a natural approach. The same methods have been applied to many
other biological and nonbiological chromophores. A common theme has been understanding the mechanism(s)
of symmetry breaking in molecules or organized assemblies of high symmetry. Spectral shifts in organized
systems due to mutations, conformational changes, and ligand binding can, in some cases, be interpreted as
Stark shifts. In this case, Stark spectroscopy in a well-defined electric field provides a calibration of the probe
transition’s sensitivity to an electric field, and the Stark shifts of suitable probes can be used to measure the
magnitude and direction of electric fields in proteins, nucleic acids, and membranes. Electric fields can also
perturb the populations or reaction dynamics of processes where charge separation occurs. When detected by
spectroscopic methods, we call these nonclassical Stark effects. Nonclassical Stark effects arise in the
spectroscopy of intervalence charge transfer transitions and both ground- and excited-state electron transfer
reactions. Because the movement of charge is ubiquitous in chemistry, biology, and materials science and
because electric fields directly affect the energetics of charge-separated species, many phenomena can be
viewed as generalizations of the Stark effect.
1. Introduction
Johannes Stark observed splittings of the hydrogen atom
Balmer series induced by an electric field nearly 100 years ago,1
and his name has been associated with this class of effects ever
since (despite parallel observations at the same time by Antonino
Lo Surdo2,3). Measurements of Stark splittings of spectral lines
in the gas phase continue to this day, both to obtain fundamental
properties of states and transitions and as a diagnostic tool in
complex systems such as plasmas. Stark spectroscopy is less
widely applied in condensed phases, as large electric fields are
needed to detect the effect for inhomogeneously broadened lines.
Large fields cause molecular reorientation and dielectric breakdown, and much of the technical development in our laboratory
has been to evolve approaches to circumvent these limitations.
In this retrospective article, I consider three aspects of the
Stark effect: (i) applications in spectroscopy to experimentally
determine the change in dipole moment, ∆µ
b, and polarizability,
∆R, for a transition (classical Stark effects); (ii) the application
of classical Stark spectroscopy to calibrate probes, in particular
vibrational probes, to investigate electrostatic interactions in
organized systems such as proteins; and (iii) the effects of
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electric fields on the dynamics or populations of species
undergoing a chemical reaction, typically detected by spectroscopy (nonclassical Stark effects). Examples of classical Stark
effects include both electronic and vibrational Stark effects;
nonclassical Stark effects arise naturally in reacting systems
where charges are displaced over a considerable distance, such
as electron and proton transfer reactions, and where this is
detected spectroscopically. Much of our recent work has been
concerned with reversing the concept and interpreting observed
spectral shifts due to changes in materials (e.g., mutations to
amino acids in proteins) as internal Stark shifts. From the
analysis of these shifts, we obtain quantitative information on
the magnitude and direction of electric fields in organized
systems such as proteins or biological membranes that can be
compared with simulations. If we broaden the scope to situations
where electric fields perturb the properties of a system, then
there are a few areas of science where this is not important:
field-effect transistors, transmembrane potentials affecting voltage-gated ion channels or driving ATP synthesis, liquid crystal
displays, and electrochemistry, to name just a few. With this
broader view, it is evident that many of the unique properties
of organized materials, whether by human design or natural
selection, emerge from the organization and manipulation of
electric fields.
Our work grew out of a long-standing interest in the
spectroscopy and dynamics of photosynthetic systems. The
elementary processes in photosynthesis are photoexcitation,
excitation energy transfer, electron transfer, and proton transfer;
the latter two are expected to depend strongly on electric fields.
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We were initially inspired by an abstract from George Feher’s
group that described an anomalously large effect of an applied
electric field on the absorption of the special pair primary
electron donor in bacterial photosynthetic reaction centers,
although no quantitative analysis was presented.4 Work from
other groups, in particular Richard Mathies in his Ph.D. work
with Andreas Albrecht5 and postdoc with Lubert Stryer6 building
upon earlier work by Liptay,7 Labhart,8 and Czekalla,9 developed
methods for quantitative analysis and for enhancing the measurement by linear dichroism to obtain information on both the
magnitude and direction of charge transfer associated with a
spectroscopic transition. Using this approach with reaction
centers in polymer films, we showed that excitation of the
special pair breaks the local axis of symmetry observed in the
X-ray structure of the reaction center;10 this example will be
discussed in greater depth in section 3.
In an ideal experiment, the molecule or assembly of interest
would be oriented relative to the direction of the electric field,
for example, in a single crystal, so that both the linear and
quadratic Stark effect due to ∆b
µ and ∆R, respectively, could
be directly measured. Robin Hochstrasser11 and others used
measurements of Stark effects in single crystals to provide tests
of quantum chemical calculations. However, it is often difficult
to obtain a uniaxially oriented sample, especially for a complex
biological molecule or assembly. Even in single crystals, it is
rare to find just one molecule in the unit cell. Because the Stark
splittings or shifts are typically smaller than the inhomogeneous
broadening and due to the complication of having several
molecules per unit cell, it is difficult to obtain the type of
oriented information from well-ordered samples that is familiar
to magnetic resonance spectroscopists.
Liptay,7 Labhart,8 and Czekalla9 primarily described the
effects of electric fields on electronic transitions for molecules
in fluid solution. Because most molecules have ground-state
dipole moments, application of the field reorients the molecules
to some extent. While information can, in principle, be obtained
on both the ground and excited dipole moments, only relatively
small electric fields can be applied to liquid samples due to
dielectric breakdown, so the signal-to-noise is limited and many
parameters are convolved in the output of the analysis. Liptay
developed the most detailed description; his general equations
describing the electronic Stark effect for molecules in fluid
solution, while complete, are a bit off-putting with many
parameters and many terms.7 The problem can be tremendously
simplified by immobilizing the molecules of interest either in a
polymer film or in a frozen glass, though the information
extracted is then limited to differences in electro-optic parameters for the states probed by the transition. Frozen glasses
include aqueous glasses, typically containing glycerol, so
biological samples can be studied under conditions that are not
very different from those for X-ray structure analysis. Very large
electric fields, on the order of 1 MV/cm, can be applied if the
sample is thin enough (typically tens of microns) and free of
defects such as bubbles.12
I note in passing that “electroabsorption” and “electroemission” are often used interchangeably with the Stark effect, and

Figure 1. Schematic illustration of the origin of the second derivative
line shape for a Stark spectrum of an isotropic, immobilized sample
when ∆µ
b dominates (eq 7). Vectors corresponding to ∆µ
b parallel,
antiparallel, and perpendicular to the applied field b
Fext are shown in
red, blue, and green, respectively. The energy in the absence of the
field, E, is shifted by ∆E ) -∆µ
b·b
Fext as shown, and the consequence
for the spectrum is shown on the right: some orientational subpopulations are shifted to lower energy, some to higher energy, and some
remain about the same. The result is a broadened band, and the Stark
spectrum is the field-on minus field-off difference spectrum which has
the second derivative line shape as shown. In this picture, the spectral
shifts are assumed to be much smaller than the inhomogeneous line
width; this is nearly always the case for values of ∆µ
b found in nature
and even for the highest values of the applied field.

many papers use these descriptors in their title, especially with
electronic and polymeric materials and nanoparticles.
2. Classical Stark Effects
In the following, some of the essential relationships used to
extract information from Stark spectra for molecules immobilized in a matrix are outlined; much greater detail can be
found in the original papers.
For many transitions involving only two electronic or
vibrational states, Stark effects are expected to cause a small
peak shift in the absorption (or emission) spectrum but no
change in line shape; that is, the applied field, b
F, perturbs an
absorber’s transition dipole, m
b , and peak position, νjmax, but
neither its population nor its line shape; this is the definition of
a classical Stark effect. An absorption Stark spectrum, ∆A, is
the change in an absorption spectrum under the influence of an
applied electric field:

∆A ) A(F*0) - A(F)0)

(1)

Each absorber’s transition polarizability, A, transition hyperpolarizability, B, difference dipole moment, ∆µ
b, and difference
polarizability, ∆R, are defined by power series expansions
truncated at second order in F:

b) ) m
m
b (F
b+A
_ ·b
F+b
F·B
_ ·b
F

(2)

1
f·b
b) ) ν̄max - ∆µ
F
ν̄max(F
F - b
F · ∆R · b
2

(3)

When the ensemble of absorbers is isotropic and the molecules
are immobilized, so they do not rotate in the field, and the field
perturbations to the individual transitions are small compared
to their line widths and intensities, ∆A can be expressed as a
sum of the zeroth, first, and second νj-weighted derivatives of
the absorption spectrum:

2974 J. Phys. Chem. B, Vol. 113, No. 10, 2009

{

∆A(F, χ) ) f2F2 Aχ · A(ν̄) +
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where the coefficients of zeroth, first, and second derivatives
are, respectively,

Aχ )

1
30m2

∑ [10Aij2 + (3 cos2 χ - 1)(3AiiAjj + Aij2)] +
ij

1
15m2
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3
5
1
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2
2
2
1
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m2 ij
miAij∆µj)] (6)

(

)

∑

f | 2 · [5 + (3 cos2 χ - 1)(3 cos2 ζ - 1)]
Cχ ) |∆µ

(7)

In these equations, h is Planck’s constant and c is the speed of
light; ∆Rm ) (b
m · ∆R · m
b )/|m
b |2; χ is the experimental angle
b
between F and the polarization of the probing light field; ζ is
the molecule-fixed angle between ∆µ
b and m
b ; and f is a scalar
approximation to a tensor called the local field correction (see
below). Stark spectra are typically recorded at two or more
values of χ and are then fit to a sum of the νj-weighted
derivatives of the absorption spectrum (eq 4). This procedure
b as fit parameters derived
essentially redefines Aχ, Bχ, and ∆µ
from the coefficients of the zeroth, first, and second derivative
components, respectively, of a fit to the Stark spectrum; for
example, the fit values of the second derivative contribution as
a function of χ are used to determine the magnitudes of ∆µ
b
and ζ. Note that the same equations apply to emission spectra
except that the νj-weighting is replaced by νj3-weighting.
Often ∆µ
b is the dominant contributor to the Stark effect, and
the simple form of the second derivative contribution (eq 7)
leads to a simple interpretation of the data. An intuitive view
of the origin of the second derivative Stark line shape can be
seen by reference to Figure 1. Molecules whose ∆µ
b is oriented
parallel or antiparallel to the electric field will have their
transition energy most shifted to lower or higher energy,
respectively; however, most molecules lie at or near the equator
so their transition energies are shifted less or not at all. The
result is a net broadening of the absorption, and the field-on
minus field-off (broadened-minus-not-broadened) line shape has
a second derivative shape. This is illustrated in Figure 1 for a
symmetric Gaussian band where the symmetric second derivative shape is clear. Most absorption lines are not so symmetric,
and this places a premium on high quality absorption spectra,
since a rigorous comparison of the line shape of the second
derivative of the absorption to the Stark data is needed. To the
extent that the transition is polarizable, the applied field induces
a dipole and typically this is primarily in the direction of the
applied field. Hence, this induced difference dipole mimics a
difference dipole in an oriented sample, and the observed effect
is a band shift or first derivative line shape (whose sign depends
on the sign of the change in polarizability, which is often, but
not always, greater in the excited state than the ground state).

As seen from eq 6, the first derivative contribution has a
complex dependence on several factors, but often the polarizability difference dominates. Note that, for an isotropic sample,
all effects scale quadratically with the field due to the orientation
averaging (eq 4); hence, the dependence on the field strength,
though a useful test that the model is appropriate and the sample
is isotropic, is not otherwise useful (it does put a premium on
obtaining the highest possible field strength). For ease of
comparison, we typically present Stark spectra scaled to a
standard value of the external field, typically 1 MV/cm, which
is close to the value actually used to obtain the data. Steven
Andrews has published an intuitive approach to orientation
averaging that the reader may find useful.13
It is important to mention several serious limitations that arise
in the analysis of Stark effect spectra in condensed phase
systems using this approach. First, it is often the case that the
signal-to-noise of the absorption spectrum leads to relatively
poor signal-to-noise in the derivatives, and since the derivatives
of the absorption are used to fit the data, this can be a serious
limitation. We introduced a technique called higher-order Stark
spectroscopy, discussed briefly in section 3,14 that can be used
to deal with this problem in some cases. Second, typical
electronic absorption bands have vibronic structure and the
bands are inhomogeneously broadened, and it is not necessarily
the case that the same electro-optic parameters apply over the
entire band. Stark spectroscopy can be combined with holeburning to investigate this further, as developed extensively by
Wild’s laboratory.119 Third, since ∆A is both positive and
negative, the Stark spectra of molecules with overlapping
electronic or vibrational transitions with different electro-optic
parameters can be quite misleading unless there is a clear model
for deconvolving the bands. In some cases, this can be turned
into an advantage, for example, in the Stark spectrum of the
chromophore that gives green fluorescent protein (GFP) its green
color (Figure 2). GFP absorption has two bands, a protonated
(A) and deprotonated (B) form of the chromophore,15 but the
Stark spectrum is completely dominated by the relatively narrow
and structured absorption of the lower energy deprotonated form.
As a result, the spectrum can be deconvoluted to recover the
individual contributions of the A and B forms. This is a
particularly clear example of a Stark effect that, for the
deprotonated B form, is dominated by ∆µ
b: the Stark spectrum
is the second derivative of the absorption, and the much broader
A state is absent in the Stark spectrum so we can only place an
upper limit on the magnitude of |∆µ
b|.15,16 Note the very close
agreement between the Stark spectrum and the second derivative
of the absorption for the entire vibronic progression, which
demonstrates that the same value of ∆µ
b is obtained for the entire
band of the B state.
A fourth limitation is the local field correction, a vexing issue
in many areas of spectroscopy. The field experienced at any
point in space can be approximated as the sum of the matrix
field and a term which is proportional to the external field:

Fint ) Fmatrix + f · Fext

(8)

The matrix field, Fmatrix, is the local field in the absence of an
applied field; it accounts for the solvent reaction field17 and for
the field due to other organized local structure, such as nearby
protein residues. Fext is the average field external to the sample
molecule in the nearby solvent (and was simply denoted F in
eqs 1-4). The external field is equal to the applied field, which
is the applied voltage (known accurately) divided by the
electrode spacing (known with moderate precision, typically
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Figure 2. (left) A ribbon diagram of green fluorescent protein (GFP)
based on the X-ray structure117 and the structure of the chromophore
that is formed by the spontaneous cyclization and oxidation of three
amino acids (Ser65, Tyr66, and Gly67); (right) the absorption (top),
2ω Stark (middle), and second derivative of absorption (bottom) spectra
of wild-type GFP15 (all at 77 K). The lower energy B state (green) is
the deprotonated state of the chromophore, and the upper energy A
state (blue) is the protonated form.15 Although these bands overlap,
the electronic Stark spectrum is completely dominated by the B state,
partly because its features are narrower and partly because |∆µ
b| is
considerably greater for the B state than for the A state. This is used
to deconvolve the two contributions to the absorption in the top panel,
in effect taking the double integral of the Stark spectrum to regenerate
the absorption of the B state and then subtracting this from the total
absorption to reveal the absorption of the A state.

from interference fringes in the sample). The local field
correction factor, f, is a tensor in a general treatment but is
typically approximated by a scalar for simplicity. Also, the
inhomogeneity of f within the volume of a chromophore and
the variability of f between different chromophore molecules
are typically ignored (it is also assumed that the external field
does not affect Fmatrix, which is reasonable in a frozen glass
sample). It is sometimes expedient to largely side step the local
field issue by reporting results in terms of f. For example, linear
Stark effects can be given in units of Debye/f and quadratic
Stark effects in units of Å3/f2. This is useful for a comparison
of results between samples dissolved in similar solvents, because
f, while unknown, is expected to remain nearly constant. While
useful for comparisons among a series of related molecules,
comparisons with ab initio gas phase calculations are compromised by uncertainties in f. Many models are available for the
local field correction, all depending on the dielectric constant
of the solvent.17 While the values of the dielectric constants of
liquid solvents have a wide range, those of frozen solvents are
not that different (for example, the capacitance of samples with
different frozen solvents are comparable and the corresponding
dielectric constants are relatively small, on the order of 2-3).
Therefore, the variations in f for the frozen solvents used in
Stark measurements are not likely to be large, and values of f
between 1.1 and 1.3 are calculated irrespective of the model17
used to estimate f.
3. Examples of Classical Stark Effect Spectra
In this section, I highlight a few examples from our laboratory
where classical Stark spectroscopy has been most useful. The
setup for measuring Stark spectra is quite simple, though a few
tricks are essential to obtain high quality data.12 The sample is
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held in a thin (tens of microns) cell using spacers to separate
windows made from glass, quartz, sapphire, CaF2, or ZnSe
depending on the region of the spectrum. Electrodes are
deposited on the inner surface. A thin (∼40-70 Å) film of Ni
has a reasonable transmission over a wide region of the
spectrum, or indium-tin-oxide (ITO) can be used. The key is to
rapidly freeze the sample without creating bubbles or strain, so
a glass-forming solvent is essential. Because there is a small
amount of resistive heating in the electrodes, heat dissipation
is essential and is best accomplished by direct immersion in
liquid nitrogen. A liquid nitrogen immersion cryostat that can
be refilled without disrupting the sample has been developed,18
and this is ideal for all types of Stark measurements.
Since the signals are small, when possible, it is desirable to
use lock-in detection by locking onto the harmonics of the fieldmodulation frequency. The conventional method uses the second
harmonic of the field-modulation frequency ω (the “2ω spectrum”, where ω is typically a few hundred hertz). This has been
extended to the higher even harmonic responses of the absorption to the applied AC field (the odd harmonics should be zero),
a technique we called higher-order Stark spectroscopy (HOSS).14
The field-induced change in absorbance by an externally applied
sinusoidal electric field, F(ω) ) F0 sin(ωt), is given by

∆A(ν, F) ) ∆A(ν, F2, 2ω) + ∆A(ν, F4, 4ω) +
∆A(ν, F6, 6ω) + ... (9)
The individual terms of this series can be recorded using lockin detection at the second, fourth, sixth, etc., harmonic of the
field-modulation frequency ω, with the nth-order spectrum
depending on the nth power of the applied field Fn. An
expression can be obtained for each nth-order spectrum,14 with
the ∆A signal equivalent to a sum of zeroth through nth
derivative terms. If ∆µ
b dominates the Stark spectrum, the (n +
2)th-order Stark spectrum is proportional to the second derivative
of the nth-order spectrum. This diagnostic is useful because
Stark spectra (and thus their derivatives) can often be obtained
with better signal-to-noise than the derivatives of the absorption
spectrum. An example for the case of bacteriochlorophyll a is
shown in Figure 3,14 where the 2ω and 4ω spectra are compared
with the second derivative of the absorption and the second
derivative of the 2ω spectrum, respectively. In the bacteriochlorophyll a case, ∆µ
b dominates the Stark effect, and the
second derivative line shape for the 2ω spectrum is evident, as
is the fourth derivative shape of the 4ω spectrum. Furthermore,
because a numerical multiplier relates the amplitude of the 2ω
and 4ω spectra when ∆µ
b dominates, the ratio of the intensities
of the higher-order Stark spectra provides both an independent
check on the value of ∆µ
b and a diagnostic that ∆µ
b dominates.
The case of bacteriochlorophyll a is important since much
of our work has involved photosynthetic reaction centers (RCs)
whose absorbing and reacting pigments are bacteriochlorophylls,
as shown on the left side of Figure 4. The elucidation of the
three-dimensional structure of the bacterial RC was a landmark
in structural biology and completely transformed research in
this area.19,20 The most striking finding, seen clearly in the
schematic derived from the structure in Figure 4, is a high level
of symmetry: rotation about a vertical axis by 180° generates a
chromophore arrangement that is nearly indistinguishable, yet
this local C2 symmetry is broken at the level of function:
following excitation of the special pair, P, a dimer of two
strongly interacting bacteriochlorophylls, electron transfer occurs
only along the “L-branch” of chromophores, 1P f P+BL- f
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Figure 3. (left) Absorption (top), 2ω (middle), and 4ω (bottom) electronic Stark spectra of bacteriochlorophyll a in 2-MeTHF at 77 K; (right) the
second derivative (middle) of the 2ω Stark spectrum (top) is compared with the 4ω Stark spectrum (bottom). The line shape of the second derivative
of the 2ω spectrum is similar to the 4ω spectrum; the ratio of the 2ω and 4ω spectra can be used to extract |∆µ
b|, and this is compared with the value
from a conventional analysis of the 2ω Stark spectrum based on the second derivative of the absorption spectrum.

Figure 4. (left) Three-dimensional structure of the bacterial reaction center from Rb. sphaeroides (top) and the reactive chromophores (bottom).20
(right) The absorption (top), second derivative of absorption (middle), and electronic Stark spectrum (bottom) at 77 K (the bands are assigned and
color coded according to the diagram on the lower left).10,22 The second derivative of the broad absorption of the special pair primary donor (P) is
hardly seen because the band is broad; nonetheless, a strong electronic Stark effect is seen, so |∆µ
b| for P must be large; by contrast, |∆µ
b| for the
monomeric bacteriochlorophylls (labeled B) and bacteriopheophytins (labeled H) are similar to their value in an organic glass ( c.f. Figure 3 for
bacteriochlorophyll a).

P+HL-, with no evidence for electron transfer along the
M-branch of chromophores.21 The absorption spectrum of the
lowest energy electronic transitions for these six chromophores
is shown on the right (upper panel) with their simplest
assignment. The comparison of the Stark spectrum in the lower
panel with the second derivative of the absorption in the middle
panel is striking: the Stark effect for the P band is much larger
than for the monomeric chromophores4,10,22 even though the P
band is broader than the other bands and so its second derivative
is much smaller (this is an excellent example of the difficulty
of analyzing Stark data by taking derivatives of the absorption
for which HOSS is very useful14). Quantitative analysis shows

that the magnitude of ∆µ
b is substantially larger for dimeric P
than for the monomeric chromophores from which it is formed,
whose values are comparable to those of the pure chromophores
isolated in an organic glass (c.f. Figure 3; further analysis shows
that the situation is considerably more complicated, as the
polarizability change is also much larger for P than for its
constituent monomers23). Furthermore, the measured angle ζ
between ∆µ
b and the transition moment is substantially larger
for P than for the monomeric chromophores, whose value again
is very similar to that found for the pure chromophores isolated
in an organic glass.10,14,22 The simplest interpretation of these
results is that the lowest excited state of the special pair P has

Centennial Feature Article

J. Phys. Chem. B, Vol. 113, No. 10, 2009 2977

Figure 5. (left) Model derived from the X-ray structure of the LH2 (light-harvesting 2) antenna complex25 adapted from ref 113. The red and blue
cylinders represent transmembrane alpha helices that hold the bacteriochlorophylls (green) and the carotenoid spheroidene (yellow, structure shown)
rigidly in place. Rings of LH2 antenna complexes funnel energy to the reaction center via another antenna that surrounds the reaction center. (right)
Absorption (top panel), 2ω, 4ω, and 6ω electronic Stark spectra of the vibronic bands associated with spheroidene in the LH2 complex.14 The 2ω
spectrum closely matches the second derivative of the absorption, and the higher-order Stark spectra are each second derivatives of the (n 2)th-order Stark spectra. The extracted value of |∆µ
b| is 14 D, much larger than expected for a nearly inversion symmetric chromophore (see text).

a much greater degree of charge transfer character than its
constituent monomers, and that this charge transfer breaks the
symmetry of the reaction center.10,24
Another interesting example comes from a second important
chromophore-containing protein complex in the photosynthetic
membrane, the antenna complex. Most of the chlorophyll in
photosynthetic membranes is associated with antenna complexes.
The antenna complexes consist of organized assemblies of
chromophores held in place by the antenna proteins and function
to greatly enhance the absorption cross section for solar
irradiation and to efficiently funnel excitation energy to the RC
where charge separation occurs. The structures of many of these
antenna complexes have now been obtained. The so-called LH2
complex from photosynthetic bacteria25 is illustrated on the left
in Figure 5. LH2 and other antenna complexes in certain
bacterial species occur as rings containing repeating subunits
of simple transmembrane alpha helices (shown as purple and
blue cylinders) decorated with bacteriochlorophylls (shown in
green). While the Stark spectra of the chlorophylls have been
studied in several antenna complexes,26-28 the most striking
result is the Stark spectrum of a bound carotenoid, spheroidene
(yellow in the diagram).29,30 As seen in the structure of
spheroidene, the conjugated system nearly has inversion symmetry; thus, a small value of |∆µ
b| is expected. Polyenes have
highly polarizable excited states; thus, a substantial value of
∆R is expected; consistent with this, the Stark spectrum of
isolated spheroidene in an organic glass is dominated by a first
derivative line shape.29,30 What is striking, then, is the complete
dominance of a second derivative line shape for spheroidene in
the antenna complex (note this extends over the well-resolved
vibronic structure, Figure 5, right). Furthermore, the 4ω
spectrum is almost exactly the second derivative of the 2ω

spectrum, the 6ω spectrum the second derivative of the 4ω
spectrum (and the fourth derivative of the 2ω spectrum), and
so on (we have measured this up to the 12ω spectrum), and the
magnitude of |∆µ
b| is 14 D!
How can a molecule which should have only a small value
of |∆µ
b| by symmetry exhibit such a large value of |∆µ
b|? Our
interpretation is that the electric field created by the organized
environment in the antenna protein around the carotenoid
induces a substantial ∆µ
b in the highly polarizable polyene. As
seen in the three-dimensional structure,25 the spheroidene
molecules have a very regular arrangement in the LH2 complex,
and the sharp vibronic structure is consistent with this. Thus,
each spheroidene could experience a similar field, since each
is in a similar environment, but of course, you cannot “see” the
field in the structure; rather, the molecule senses the field.
This example is instructive for several reasons. First, it led
us to use Stark spectroscopy to investigate electronic consequences of the internal fields created by groups covalently
attached on the ends of polyenes. Many “push-pull” polyenes
with electron donors and acceptors at opposite ends have been
created because of their unusual nonlinear optical properties.
Working with Seth Marder, we systematically investigated the
Stark spectra of a range of examples from this class of
compounds and could make connections with other spectroscopic methods, the results of electronic structure calculations,
and models for nonlinear optical properties that depend upon
∆µ
b;31-33 related work has been reported by other groups.34,35
Second, the specific case of spheroidene in LH2 helps to settle
a long-standing ambiguity in the literature on transmembrane
potentials. Biological membranes are roughly 5 nm thick and
very good insulators. Transmembrane potentials can be created
by transporting cations or anions across the membrane (pho-
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tosynthetic electron transfer drives proton transport across the
membrane through a series of membrane-bound enzymes), and
these potentials are used to drive important biological reactions
such as the synthesis of ATP.36 The magnitude of the transmembrane potential is therefore of great importance. Early
observations in photosynthetic membranes showed an “electrochromic band shift” of carotenoid molecules in antenna
complexes (similar to spheroidene in LH2) when the transmembrane potential was changed by illumination. As the
apparent potential was increased by more intense illumination,
the band shift increased linearly with intensity.37 This was a
puzzle because it was well-known at the time that polyenes are
highly polarizable, but since it was presumed that the carotenoid
has a fixed and uniaxial relationship with the transmembrane
potential, a quadratic Stark shift (eq 3) was expected as the
transmembrane potential increases, contrary to observation.
Various attempts to interpret a parabola as a line ensued (!),
but it is clear from the data in Figure 5 that spheroidene in the
antenna complex does indeed have a very large |∆µ
b|. This
induced ∆µ
b is uniaxially oriented relative to the electric field
from the transmembrane potential because the antenna complex
itself is well oriented in the membrane, and thus, the absorption
of the bound polyene should exhibit a linear shift with increasing
transmembrane potential. This example shows that the measurement of the Stark effect spectrum for an isolated, nonoriented
antenna complex in an external field provides a calibration for
the sensitivity of this chromophore in this assembly when it is
oriented relative to a transmembrane electric field. Note that
investigators in bioenergetics and neurobiology apply this
concept daily by the use of “voltage sensitive dyes”.120 These
dye molecules, which typically have a substantial intrinsic ∆µ
b,
insert into membranes, and their spectra shift to higher or lower
energy as the transmembrane potential changes; the underlying
mechanism is a Stark effect, and these transmembrane potential
changes can be visualized with high temporal and spatial
resolution using advanced imaging methods.
Third, the concept of the Stark experiment for spheroidene
in LH2 was used in a different way to probe dielectric screening
in the bacterial reaction center. Following light excitation, charge
is separated over 25 Å in several steps from the excited state of
the special pair P to a quinone, QA, that is also on the “L-side”
of the RC to form P+QA- which lives for hundreds of
milliseconds (QA is not shown in Figure 4, it is directly below
HL). The electric field due to this transient light-induced internal
charge-separated state is expected to be larger for the L-side
monomeric chromophores, BL and HL, than for the more distant
BM and HM; consequently, Stark band shifts due to the P+QAfield should be larger for BL and HL than for BM and HM
(geometric factors also enter). However, the opposite is observed; hence, the field is screened to a greater extent on the
functional L-side than on the nonfunctional M-side, and this
may contribute to the functional asymmetry for light-driven
electron transfer in the reaction center.38
Fourth, this observation stimulated our interest in learning
more about the magnitude of the electric fields that are present
in organized systems like the LH2 complex. In principle, it
should be possible to turn the experiment around and extract
information on the protein electric field from the induced dipole
that is observed. This is complicated for spheroidene in LH2,
since the polarizability tensor of the polyene must be known,
and the polyene extends over a large volume of the protein; to
date, this calculation has not been attempted. A more specific
concept has been used to understand the origin of color tuning
of the visual pigments, particularly the early work of Barry
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Figure 6. Vibrational Stark spectrum of acetonitrile in 2-MeTHF, at
74 K.44 (A) Extinction coefficient spectrum of the nitrile stretch mode;
(B) vibrational Stark data (dots, scaled to 1 MV/cm applied field) and
the best fit to the Stark spectrum, using numerical derivatives of the
data in panel A (solid line); and (C) decomposition into sum (red) of
derivative components (blue, second derivative; green, first derivative;
black, zeroth derivative). The second derivative dominates, and the value
of the Stark tuning rate is 0.43 cm-1/(MV/cm).

Honig, who calculated the effects of charged amino acids on
the retinal absorption in rhodopsin39 (and who correctly
anticipated the results for spheroidene40). This evolved to
Honig’s calculations and graphical representations of protein
electrostatic potentials that accompany nearly every protein
X-ray structure, typically as red, white, and blue electrostatic
potential maps.41 Such pictures guide our intuition about sites
on protein surfaces where electrostatic complementarity may
play an important role in guiding protein-protein, protein-DNA,
protein-ligand, or protein-membrane interactions. A quantitative analysis shows that protein electrostatics may have a
profound impact on catalysis in enzymes, a view most strongly
articulated by Arieh Warshel.42 The problem is that binding
constants or catalytic rates are a very indirect measure of the
electrostatic potential or its gradient, the electric field. Stark
shifts should provide a sensitive local and directional probe of
these fields, and this led us to the concept that vibrational Stark
effects might be more useful than electronic spectral shifts for
probing electric fields in proteins.
At the time we began to study vibrational Stark effects, there
were only a handful of examples in the literature, nearly all in
the gas phase. Vibrational Stark effects are expected to be small:
for a harmonic oscillator, the average position of the oscillator
is the same for each level so there is no charge displacement
upon making a transition. Of course, real bonds are anharmonic,
and the field may affect the force constant for the oscillator, so
we set out to see whether these effects are measurable. As shown
in Figure 6, it is straightforward to measure the vibrational Stark
effect even though |∆µ
b| is only a few hundredths of a debye
because the inhomogeneous line widths are typically quite small
(∼10 cm-1; the relatively narrow line widths are, of course,
related in part to the small |∆µ
b|).43-45 Lock-in detection is
possible using a dispersive spectrometer43 or a step-scan system
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TABLE 1: Bond Types, Frequencies, Intensities, and Stark
Tuning Rates of Relevant Functional Groups48 a
bond type

νj range, cm-1

sCsH
sCsD
sCsF
carbonyl
sCtN
azide
sNdCdO
nitro
sSisH

2850-3100
2000-2200
1100-1300
1600-1750
2050-2270
2080-2170
2250-2300
1490-1600
2100-2200

intensity

Stark
tuning rate,
|∆µ
b|,
cm-1/(MV/cm-1)

weak
weak
strong
strong
strong
very strong
very strong
strong
medium

0.2-0.6
0.4-1.5
0.4-0.9
0.6-1.8
0.4-2.9
small
small
∼1.3
∼2.3

a
On the basis of these results, the sCtN functionality is most
promising. CsF and NO2 stretches are intense and sensitive to
electric fields but fall in a cluttered region of the protein’s
absorption spectrum. Organic azides are intense but relatively
insensitive to electric fields, and their spectra are often complicated.
sCsD is in a good spectral region, but the intensity is weak;
sCD3, as in CD3-methione has been used,65 but this is complicated
since multiple projections of the electric field are sampled.

on an FTIR; however, we have found that DC application of
the field is superior on the FTIR.46 A comprehensive analysis
of the vibrational Stark effect for nitriles (the CtN stretch
around 2200-2300 cm-1) partitions contributions from bond
anharmonicity and electronic perturbations of chemical bonds.44,45
For a localized oscillator like CtN, the direction of ∆µ
b is
expected and found to be parallel to the transition moment
direction (i.e., ζ ≈ 0°), and since the transition moment is
parallel to the CtN bond axis, both the magnitude and direction
of ∆µ
b are known (its sign can be inferred from chemical
b| as a Stark
arguments47). It is useful to recast values of |∆µ
tuning rate with units of cm-1/(MV/cm); thus, the Stark tuning
rate quantifies or calibrates how much of a shift (in wavenumbers) is expected for a 1 MV/cm projection of the electric field
on the bond axis. Table 1 summarizes Stark tuning rates for
several classes of vibrations that might be useful probes for
biological systems.48
These results suggest using vibrational frequency shifts as a
probe for electric fields in complex organized systems. If the
Stark tuning rate is an intrinsic property of the probe oscillator,
then placing the oscillator in different matrix electric fields
should shift the observed spectrum according to the projection
of the matrix (e.g., protein) field on the bond direction:

f
b
hc∆ν̄obs ) -∆µ
probe · ∆Fprotein

(10)

where ∆νjobs is the observed frequency shift in wavenumbers, h
bprotein is the
is Planck’s constant, c is the speed of light, and ∆F
change in field at the probe vibration between two states of the
protein, for example, two conformational states, protonation
states, or two mutants. While it is not possible to apply an
external electric field much larger than 1 MV/cm without
dielectric breakdown, based on electrostatics calculations, the
variations in fields within proteins and nucleic acids can be as
large as (30 MV/cm,41 so substantial vibrational frequency
shifts might be seen given the Stark tuning rates reported in
Table 1.
We first introduced the vibrational probe concept for the
analysis of shifts observed in mutants and protonation states of
carbon monoxide bound to heme iron in myoglobin (Mb).49 Our
laboratory cloned the gene for human Mb50 with the aim of

creating mutants that would produce spectral shifts of bound
chromophores such as chlorophylls51 (inspired by Honig’s work
on the visual pigments, we thought a similar concept might be
important in photosynthetic systems; it probably is not) or heme
iron redox potentials.52,53 Many laboratories created Mb mutants,
often in the vicinity of the site near the heme iron where
diatomic ligands bind, and for carbon monoxide or nitric oxide,
large IR spectral shifts were observed for the bound diatomic
in these mutants. The Stark tuning rate for carbon monoxide
bound to the heme iron in the protein is unusually large,49 and
the spectral shifts in mutants could be interpreted as having a
large contribution from local perturbations to the electrostatic
potential.49,54-56 However, when compared with predictions of
spectral shifts from electrostatics calculations, while the trends
were correct, the quantitative agreement was rather poor.
Carbon monoxide bound to heme is hardly a general probe
for electrostatics in proteins, but referring to the data in Table
1, it is evident that sCtN, sCsF, or sCsD could be a useful
and more general probe (sCsD offers the smallest chemical
perturbation but suffers from a low extinction coefficient). Of
course, none of these oscillators occur naturally in proteins or
nucleic acids, but sCtN and sCsF moieties are surprisingly
common in drugs and inhibitors, so one strategy is to perturb
the environment around the site where a ligand displaying a
sCtN or sCsF binds, measure the spectral shift, and compare
this result with predictions from electrostatics calculations.47,57
Nitriles can be introduced site-specifically into proteins by a
simple modification of cysteine residues to form thiocyanates,
sSsCtN,58 and this has been used to probe electrostatics at
the active site of the enzyme ketosteroid isomerase.59 Nitrilecontaining nucleic acids are now available and can be sitespecifically inserted into DNA sequences.60,61 More generally,
probes such as p-cyano-phenylalanine or p-fluoro-phenylalanine
can be introduced site-specifically into proteins by total
synthesis,62,63 protein semisynthesis,58 or nonsense suppression.64,65
None of these methods is simple yet, and these non-natural
vibrational probes may have environment-specific interactions
that alter ∆µ
b (this can be checked by measuring the vibrational
Stark effect for the probe in the protein49,58) or the probe may
impact the electrostatic fields it is meant to test. Each of these
approaches has been used to probe electrostatics in several
proteins and to compare the observed spectral shifts with those
predicted by electrostatics calculations. While detailed examples
can be seen in the original papers, we typically find that the
magnitudes of the electric fields sensed by the vibrational Stark
probes and the calculated values are very different unless high
resolution structures are available and extensive molecular
dynamics is used to obtain a realistic value of the time-averaged
electric field.57 Developing methods to predict electric fields
within proteins is currently an active area of research in our
laboratory and others,65 and it remains to be seen whether the
vibrational Stark shifts can impact the parameters used in
electrostatics calculations.
4. Nonclassical Stark Effects
Nonclassical Stark effects are distinguished from classical
Stark effects by the dependence of some process on the applied
electric field in addition to the spectral shifts that were described
above. Because dynamics are affected, the line shapes that result
can be very different from the simple sums of derivatives
described for classical Stark spectroscopy. In nearly every case,
we stumbled into an example while probing some feature of
the photosynthetic reaction center; the detailed results and
underlying theories can be found in the original papers; here, I
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summarize only the key concepts. The simplest (in concept at
least) example is the fluorescence Stark effect for a molecule
where some electric-field-dependent nonradiative process competes with fluorescence. For example, consider a fluorescent
electron donor D that participates in an excited-state electron
transfer reaction with electron acceptor A. In the absence of A,
the fluorescence Stark effect from the excited state, 1D, should
mirror that of the absorption of D. However, when the acceptor
is present, an excited-state electron transfer reaction can occur,
1
DA f D+A-, and the rate of this process can be described by
Marcus theory or one of its descendants.66 While excitation of
or emission from D in the absence of A may involve a change
in dipole moment, ∆µ
b, giving a classical absorption or fluorescence Stark effect, respectively, the product of electron
transfer, D+A-, will have a huge dipole moment; the difference
b CT,
between this dipole moment and that of 1D is denoted ∆µ
µD+Awhere CT denotes charge transfer and typically ∆µ
bCT ) b
-b
µ1D ≈ b
µD+A-. For an isotropic sample, all orientations of ∆µ
bCT
are present: some will be parallel to the applied electric field,
and so the energy of the D+A- state will be shifted down relative
to the value in the absence of the applied electric field;
conversely, some will be shifted up and, as in the left side of
Figure 1, many will be relatively unaffected. These energy shifts
translate into changes in the driving force for the electron
transfer reaction, and electron transfer theory predicts a strong
nonlinear dependence of the rate of electron transfer on driving
force. Thus, the rate of the 1DA f D+A- charge transfer
reaction will be different for different orientational subpopulations in the sample; some rates will be faster than at zero applied
field, some slower, depending quantitatively on the mapping
between driving force and rate. As a result, the quantum yield
of fluorescence that competes with this electric-field-dependent
process will be affected. These effects are likely to greatly
increase or decrease the fluorescence intensity depending on
the curvature of the rate vs driving force curve around the zero
applied field value, and this can be orders of magnitude larger
than the classical Stark effect. The classical fluorescence Stark
effect is still present, and the combination produces large
changes in intensity and/or line shape for steady-state emission
spectra that cannot be analyzed using the classical derivative
decomposition.67-69 These electric field effects can also be
observed directly as a change in kinetics by time-resolved
absorption70-74 or fluorescence. Furthermore, because different
orientational subpopulations react at different rates, the competing fluorescence from an isotropically excited sample should
become polarized, as the greatest contribution to the fluorescence
will be from that orientational subpopulation whose electron
transfer rate slows the most75,76 and this can be used to estimate
the projection of ∆µ
bCT on the fluorescence transition dipole
moment of D, a molecule-fixed direction. The example given
here is an excited-state electron transfer, but population effects
can exist in the ground state as the energies of states shift in an
electric field, as illustrated in Figure 7A.77 Many nonbiological
examples of fluorescence electric field effects from distributions
of donors and acceptors in films have been published by Ohta’s
laboratory.121,122
A coupled kinetic/spectroscopic effect on excited-state electron transfer is accompanied by a second, subtler, nonclassical
Stark effect on the absorption of the donor. In order for electron
transfer to occur, there must be mixing between 1D and D+A-.
Mixing is typically smaller than the inhomogeneous broadening
and is not directly observable in the absorption of D. However,
the mixing is present, and it too will be affected by the applied
electric field, again because the energy of the coupled D+A-

Boxer

Figure 7. Schematic energy level diagrams illustrating three types of
nonclassical Stark effects in which the absorption or emission line shape
is affected.77 In each case, the levels in blue are in the absence of the
applied field and a shift in level is given (green) for one orientation of
the field. (A) For population effects, application of the field shifts one
of the states to lower energy and so the populations are expected to
respond as the system returns to equilibrium. (B) A similar effect is
expected for excited-state electron transfer. The charge-separated-state
energy is shifted by the field changing the rate of electron transfer.
The electric field also affects the ground-state absorption due to mixing
of the locally excited and charge-separated states leading to “resonance
Stark effects”. (C) Intervalence charge transfer bands correspond to
direct transfer of an electron from one part of a molecule to another.
The intensity, position, and line width of these transitions can be
described by Hush82 or PKS83 theory, and application of a field is
expected to shift the relative energy of the states involved in the
transition, leading to unusual intervalence band Stark effect line shapes.

product state depends strongly on electric field. Thus, the
absorption Stark effect of the donor, in addition to the classical
contribution described earlier, will experience a nonclassical
contribution whose line shape depends upon the same electron
transfer parameters described above. We have called these
“resonance Stark effects” (Figure 7B), and they have been
observed thus far only for a particular reaction in photosynthetic
reaction centers.78-81 The theory describing these effects is
complicated,79,80 but radically different line shapes from the
classical derivative line shapes (eqs 1-4) are predicted. These
effects are mostly easily observed using the higher-order Stark
method, since the classical contribution drops rapidly in higherorder spectra, while the resonance Stark contribution has a
weaker decline. Many unusual resonance Stark line shapes have
been observed in different reaction center mutants; these can
be simulated using the full theoretical treatment to extract
information on the driving force, reorganization energy, and
electronic coupling. This is a purely spectroscopic approach to
these parameters, rather than the usual approach through the
interpretation of kinetics. The general utility of resonance Stark
spectroscopy as an alternative to kinetic measurements is
probably limited because the Stark experiment is performed on
frozen glasses, and many light-driven electron transfer reactions
in model donor-acceptor systems stop when the solvent is
frozen.
A third example of a nonclassical Stark effect is illustrated
in Figure 7C for intervalence charge transfer transitions. Mixedvalence systems involve two or more states with different
electric dipole moments whose magnitudes depend upon the
charge transfer distance and the degree of delocalization; these
states can be interconverted by excitation of an intervalence
charge transfer transition whose intensity, position, and width
depend on the driving force, reorganization energy, and
electronic coupling as described by Hush82 or PKS83 theory.
Since Stark spectroscopy involves the interaction between the
change in dipole moment of a transition and an electric field,
the Stark spectra of intervalence charge transfer transitions are
expected to provide quantitative information on the degree of
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Figure 8. Two mixed-valence complexes based on Ru2+/Ru3+ bridged by different ligands, 4,4′-bipyridyl on the left and bipyridyl (the Creutz-Taube
ion) on the right.84,85 For the larger ligand, the valence is expected to be fully trapped (localized). Intervalence charge transfer converts the Ru2+L-Ru3+ ground state into the Ru3+-L-Ru2+ excited state whose large dipole points in the opposite direction; thus, |∆µ
b| is expected to be large. For
the Creutz-Taube ion, the metal centers are much more strongly coupled because the ligand is smaller, so the intervalence transition is expected
to reflect greater delocalization. Accordingly, the ground- to excited-state transition does not exhibit a large |∆µ
b|. This simple concept is born out
by the Stark spectra analyzed using classical Stark theory. A more sophisticated analysis using a full nonclassical analysis yields similar values for
the extreme case of the 4,4′-bipyridyl ligand but a refined view of charge transfer in the Creutz-Taube ion.93,96

delocalization that is independent of and complements the
analysis of the absorption alone.
Two classic examples of mixed-valence systems based on
Ru2+/Ru3+ with different bridging ligands are shown in Figure
8. In the case of the bipyridyl ligand on the left, the coupling
between the metal centers is attenuated by the length of the
ligand. As illustrated, the intervalence charge transfer transition
converts a large ground-state dipole moment into a large excitedstate dipole pointing in the opposite direction, so ∆µ
b (in the
sense of classical Stark spectroscopy) is expected to be large
and parallel to the direction of charge transfer (ζ ) 0°). In the
famous Creutz-Taube ion shown on the right, the smaller ligand
leads to much stronger coupling between the metal centers and
thus the possibility of delocalization where the effective valence
on each metal is +2.5. In this case, the mixed-valence system
resembles a delocalized aromatic molecule, and so ∆µ
b for the
intervalence charge transfer band should be small. The experimental results and classical analysis provided a semiquantitative
approach for the analysis of the degree of delocalization in these
mixed-valence systems which had, especially for the CreutzTaube ion, been the subject of much controversy.84-86 Hupp’s
group has done related work on other mixed-valence systems.87-92
In the most interesting intermediate cases between localized
and delocalized, the analysis should be much more complex
because the field affects not only the band position but also the
intrinsic band shape. As with the description of the resonance
Stark effect above, the full theory is complex,93 but the basic
concept can be understood by reference to Figure 7C. Because
the energy of the difference dipole moment, ∆µ
bCT, depends on
its orientation in an electric field, the energies of the surfaces
will shift depending on orientation. The Hush82 and PKS83
treatments for intervalence charge transfer bands make an
explicit connection between the driving force and the band
position, intensity, and line width of the intervalence charge

transfer transition. Since these conditions are different for each
orientational subpopulation in the electric field for an isotropic
sample, the Stark spectrum should not be analyzed by the
classical Stark model, since the line shape depends explicitly
on the driving force. In limiting cases (fully localized or fully
delocalized), the classical model is a good starting point, and
the value of |∆µ
b| derived from the full nonclassical model is
not too different from that obtained from the classical model;
however, in many cases, the full treatment is required. The
nonclassical model has been applied to the special pair cation
radical, P+, the primary product of light-induced electron transfer
in the reaction center that has an intervalence charge transfer
transition in the mid-IR,94,95 and a number of inorganic mixedvalence complexes.96 We note in passing that Stark spectra of
metal-to-ligand charge transfer transitions in several high
symmetry coordination complexes help to provide quantitative
information on the degree of localization of these transitions.97-102
5. Future Directions
These Centennial Feature Articles are meant to provide a
personal view and a perspective on the future, and I have
emphasized work from our laboratory and how it is interconnected through the Stark effect. Many other groups have reported
electronic Stark effects, for example, Stanley’s work on
flavins103-106 and Peteanu’s work on polyenes and electronic
materials.107-112 Electric field effects on the absorption and
emission of semiconductor particles (quantum dots) and fabricated quantum wells is a huge field in science and technology
that has not been mentioned at all and would include hundreds
of citations. Similarly, nearly all aspects of molecular electronics
are intimately connected with electric field effects, and this has
recently been reviewed in this Journal.123 I have also not
described dynamic Stark experiments based on the electric field
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of high intensity lasers. Like the measurements described here
using conventional electric fields generated by electrodes, these
novel experiments involve both spectroscopy and dynamic
control of chemical reactions by the high intensity field,113 and
this promises to be an exciting area for future development.
With advances in stability and control of lasers operating in
the mid-infrared, vibrational dynamics have emerged as a rich
area for investigation.114,115 The coupling between the electric
field fluctuations in the environment and the oscillator is through
the charge displacement (the Stark tuning rate) associated with
transitions in the oscillator, making a direct connection with
the work described in section 3. For example, Fayer’s group
used simulations of vibrational dynamics for carbon monoxide
bound to the heme iron in myoglobin to extract the Stark tuning
rate,116 giving a value that is comparable to what is measured
directly by vibrational Stark spectroscopy.49 Many of the probes
introduced for measurements of Stark shifts will now be studied
by 2D IR methods.
The application of vibrational probes for electric fields (timeaveraged or dynamic) in biological systems and comparisons
with simulations is quite different from traditional areas of
quantum chemistry, where a direct comparison between theory
and experiment immediately benefits both (e.g., the calculation
of ionization energies, gas phase spectra, structures of complexes, etc.). It is hard to overstate the impact of electrostatics
calculations and simulations on our physical view of biological
function and assembly, yet relatively few direct comparisons
between the time-averaged electric field or the effects of
fluctuations on dynamics have been made. Stark shifts are a
natural bridge between these simulations and experiment and
have the advantage that the information obtained is directly
comparable, in contrast to other observables such as pKa or redox
potential shifts, binding constants, NMR chemical shifts, or
reaction rates. Although the perfect probe remains to be
developed, both static and dynamic aspects of vibrational Stark
effects are likely to be an active area, especially in biological
assemblies, in the coming years.
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