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ABSTRACT: We present two-dimensional electronic-vibrational (2DEV) spectra of
isolated chlorophyll a and b in deuterated ethanol. We excite the Q-band electronic
transitions and measure the effects on the carbonyl and CC double-bond stretch region
of the infrared spectrum. With the aid of density functional theory calculations, we provide
assignments for the major features of the spectrum. We show how the 2DEV spectra can
be used to readily distinguish different solvation states of the chlorophyll, with features
corresponding to the minority pentacoordinate magnesium (Mg) species being resolved
along each dimension of the 2DEV spectra from the dominant hexacoordinate Mg species.
These assignments represent a crucial first step toward the application of 2DEV
spectroscopy to chlorophyll-containing pigment−protein complexes.

Chlorophyll serves a central role in the photosynthetic
apparatus of most photosynthetic organisms, including

plants. In higher plants, chlorophyll molecules (structure shown
in Figure 1), in particular, chlorophyll a (Chl a) and
chlorophyll b (Chl b), serve as the major light-absorbing
molecules in photosynthetic pigment−protein complexes
(PPCs).1 The majority of Chl a and Chl b molecules can be
found bound in the light-harvesting complex II (LHCII), which
is the primary light-harvesting PPC in plants. In this complex,
the major role of the Chl a and b is to absorb light and to
transfer this energy through space until it reaches the reaction
center, where the electronic excitation can drive charge
separation, ultimately leading to the excitation energy being
converted to chemical energy.
A detailed understanding of the excitation energy-transfer

pathways in LHCII and related PPCs is essential for a complete
and accurate understanding of the workings of the photo-
synthetic apparatus, and much progress has been made in
recent years in mapping out the energetic landscape of these
PPCs using multidimensional electronic spectroscopy.2−11

There still remain important questions, however, about the
details of the relationship between the energetic structures of
these PPCs, which are readily accessible with electronic
spectroscopies, and the spatial structures of the actual pigment
layout in the protein. Recently, we have proposed a method by
which two-dimensional electronic-vibrational spectroscopy
(2DEV) could be used to make this link between the energetic
and spatial domains by using localized vibrational modes as a
proxy for position within a complex system, such as a
photosynthetic PPC.12 This method critically relies on an

ability to resolve and assign both electronic and vibrational
features for each chromophore and electronic state of interest.
A prerequisite for this to be possible is a detailed understanding
of the spectral response of the relevant pigments in isolation. In
this Letter, we present 2DEV spectra of isolated Chl a and Chl
b dissolved in deuterated ethanol. By measuring the depend-
ence of these spectra on the relative polarizations of the visible
excitation and infrared (IR) probe laser pulses, in conjunction
with density functional theory (DFT) calculations, we provide
assignments for the major features of these spectra. We also
provide evidence of features in the 2DEV spectra that
correspond to different solvation states of the Chl molecules,
distinguishing the contributions of pentacoordinate and
hexacoordinate magnesium (Mg) species.
The 2DEV spectroscopic technique provides a method for

correlating a molecule’s electronic transitions, in the visible
region of the electromagnetic spectrum, with its IR active
vibrations.13−15 The method is closely related to transient IR
absorption pump−probe spectroscopy, whereby a molecule is
electronically excited, and the resulting changes in the IR
absorption are observed in a time-resolved manner. Unlike
transient IR absorption, however, 2DEV uses Fourier
techniques to provide spectral resolution of the electronic
excitation axis of the spectrum, in addition to the IR detection
axis. This removes the trade-off between temporal resolution
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and frequency resolution and reveals new types of information

concerning correlations in the system.12,14,15 2DEV also makes

it possible to more readily resolve and assign overlapping

spectral features by spreading the spectrum along an additional

axis and thereby providing more information about their

spectral structures. A detailed description of the experimental

methods is provided in the Supporting Information.

An additional technique that can aid in providing assign-
ments for bands in complex spectra is the use of the
polarization dependent response and the spectral anisotropy.
In combination, the isotropic (magic angle) response, Siso, the
anisotropic response, Saniso, and the anisotropy parameter, r =
Saniso/Siso, can be used to assign spectral features based on the
relative angles between their transition dipole moments.16 The
anisotropy parameter in particular is very useful, because for a

Figure 1. Structure of chlorophyll molecule with IUPAC numbering and ring labels and labeling of the distinct types of carbons on the porphyrin
macrocycle (Ca and Cb on the pyrrole groups and Cm methine groups).

Figure 2. Isotropic transient IR absorption spectra of Chl a (a,b) and Chl b (c,d). Panels a and c show the transient spectra at waiting time t2 = 250
fs, and panels b and d show the full time-resolved spectra. The positive (yellow/red) features indicate vibrations on the electronic ground state, and
the negative (blue) features indicate vibrations on an electronic excited state. The * in panel c indicates an artifact introduced by atmospheric water.
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spectrally isolated oscillator it can be directly related to the
angle θ between the transition dipole moments for the pumped
and probed states, according to the well-known relation

θ θ= −r( ) (3 cos 1)1
5

2 . Because of this property, it is also

possible to use the dynamics of the anisotropy parameter to
measure such quantities as the rotational correlation function or
energy-transfer dynamics.17,18 At a given waiting time, the
anisotropy for a spectrally isolated transition is constrained to
some frequency-independent value in the region [−0.2, 0.4];
however, when spectral features of opposite sign interfere, it is
possible for r to take on any value and demonstrate substantial

spectral structure.17 In this common scenario, r becomes much
less useful as a quantitative measure of relative angles but can
still be used to identify features in complex spectra.
The transient IR pump−probe spectra of the high energy

CO and CC stretch region of Chl a and Chl b are shown
in Figure 2. In each case there are two major positive features,
which are due to vibrations on the electronic ground state. The
stronger of these appears at 1660 cm−1 and is assignable to a
CO stretching motion. On the basis of a DFT harmonic
frequency analysis this is most likely the antisymmetric
combination of the C−131 ketone group and the C−133
ester group on ring E. (See Figure 1 for labels.) The weaker

Figure 3. Polarization-sensitive 2DEV spectra of the carbonyl stretch region of Chl a (a−c) and Chl b (d−f) at waiting time t2 = 250 fs. Solid
contours indicate positive values for the spectrum, whereas dashed contours indicate negative values. The isotropic response Siso is shown in panels a
and d, the anisotropic response Saniso is shown in panels b and e, and the anisotropy parameter r is shown in panels c and f. The anisotropy values are
overlaid by the contour plot of the isotropic spectra for the same waiting time. The value of r can diverge in the vicinity of nodes in the isotropic
spectrum, so the color bars in panels c and f are truncated to [−0.2, 0.4], the allowed range for an isolated transition.
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positive band appears around 1550 cm−1 and is attributable to a
CC stretch mode localized on the macrocycle. This band has
been previously assigned to a combination of Cb Cb and Ca Cm
stretching motions.19−21 On the basis of the DFT results, this
mode is primarily localized on rings C and E and can be
considered as predominantly a pyrrole stretching mode on ring
C. In addition to these ground-state vibrations, both the Chl a
and the Chl b spectra show a strong negative band peaking near
1615 cm−1 and showing a long broad shoulder to lower
frequencies. This band is most readily assignable to the
carbonyl stretching mode on an electronic excited state. The
shoulder might be due to either a second mode centered near
1580 cm−1 or to a positive ground electronic state feature
interfering with the excited electronic state feature. The
assignment of this shoulder will be made clear with the
2DEV spectra. In addition to these features common to both
Chl species, the Chl b spectrum additionally shows a narrow
negative feature at 1640 cm−1. This is unique to the Chl b
spectrum and therefore is likely related to the formyl group at
position C−71 on ring B, which distinguishes Chl b from Chl a.
(See Figure 1.) Because it is related to an electronic excited
state and is not readily paired with an electronic ground state
feature, it is difficult to assign precisely. It may be either a C
O stretch mode or a distortion induced in a pyrrole mode on
ring B due to the nearby electron-withdrawing group. A sharp
positive feature is also observed in the Chl b spectrum at 1655
cm−1, which is the result of an artifact caused by a depletion in
the IR laser intensity by atmospheric H2O being incompletely
normalized from the final spectrum and is not indicative of a
Chl b vibrational band. This artifact does not significantly affect
the 2DEV spectra due to the greater degree of signal processing
necessary for the construction of 2D spectra.
In making these assignments, we are proposing that all of the

observed bands are results of primarily a 1 ← 0 vibrational
transition, in which case the sign of the band is a direct
indication of the electronic state on which this vibrational
motion is occurring. It is also possible, in principle, to observe
positive and negative features due to stimulated emission or
induced absorption by excited vibrational states on either the
ground or excited electronic states. These types of features
would decay with the lifetime of the vibrational excited state,
which would typically be on the order of ∼1−10 ps. All of the
features in the current spectra decay on a substantially longer
time scale, commensurate with the Qy lifetimes for isolated Chl
a and Chl b.22 Therefore, we can rule out the possibility that
the direct probing of vibrationally excited states is contributing
significantly to these spectra.
The visible laser pulses used in these experiments had

sufficient bandwidth to excite both the Qy and the Qx electronic
transitions (see the Supporting Information) for both Chl a and
Chl b. The pump−probe spectra inherently integrate over both
these contributions, but by performing 2DEV measurements,
these features can be resolved. The polarization-sensitive 2DEV
spectra of both Chl a and Chl b are shown in Figure 3 for a
waiting time t2 = 250 fs. This time was chosen to be late enough
to prevent any contribution from pulse overlap effects yet early
enough to avoid any substantial orientational relaxation that
would complicate the anisotropy data, although rotational
contributions are also substantially suppressed by performing
the experiments with the sample at 77 K. (The rotational
lifetime in ethanol at 77 K is ∼100 ns according to the Debye
relation.)23 All of the major spectral features observed at this
early time are maintained to at least 250 ps.

For the Chl a spectra in Figure 3a−c there are clearly two
major excitation bands at around 14 650 and 15 400 cm−1.
These structures are readily assignable from the electronic
linear absorption. The intense anisotropic lower energy band is
the Qy transition, while the weaker isotropic band is the x-
polarized feature known to be a mixture between the Qx
electronic transition and a vibronic excitation of the Qy
band.24 Because of the substantial overlap between different
spectral bands, the precise angles between pumped and probed
transition dipole moments cannot be readily extracted, but the
qualitative polarization dependence of these bands is generally
consistent with the assignments we have provided for these
vibrational bands and the computed transition dipole moments
for these modes. For the Chl b spectra shown in Figure 3d−f,
there is an intense anisotropic band at 15 100 cm−1 that is due
to the Qy transition. Strong signals corresponding to exciting
the Qx transition are not observed for Chl b, but weak features
located near 16 600 cm−1 could be due to this electronic
excitation. It is unclear why the Qx band is so weak in the Chl b
spectra relative to those in the Chl a spectra, but this may be
due to the lesser degree of vibronic mixing between Qx and Qy
in Chl b24 or simply due to poorer overlap with the excitation
laser spectrum.
It is important to note that while we certainly observe

features in the 2DEV spectra that result from initially exciting
the Qx band, at least for Chl a, this does not imply that the Qx
electronic state has significant population at 250 fs. The lifetime
of electronic relaxation from Qx to Qy has been calculated from
nonadiabatic excited-state molecular dynamics to be 128 fs for
Chl a and 208 fs for Chl b.25 In each case it is likely that the
true rate is faster than observed in these calculations due to the
substantially overestimated Qx−Qy energy gap and the neglect
of the vibronic mixing shown to exist between these states.24

Therefore, by 250 fs, the majority of the population has already
relaxed to the Qy state, and the observation of spectral bands at
the Qx excitation energy is due to population in Qy that merely
originated as population in Qx. The cross-correlation time of
the visible and infrared laser pulses used in these experiments
was measured to be ∼90 fs, comparable to the Qx lifetime, and
therefore it is unlikely that any vibrational features attributable
to population in the Qx state could be observed with confidence
in these 2DEV spectra.
For the isotropic response of both Chl a and Chl b, a

significant shoulder on the low vibrational frequency side of the
primary excited electronic state feature is observed. As
previously mentioned this could reflect a second vibrational
mode, but this interpretation is discredited by the anisotropic
response shown in Figure 3b,e. For the anisotropic response of
both molecules, there appears to be a single negative
anisotropic feature. Indeed, by examining the anisotropy
parameter r, shown in Figure 3c,f, a feature appears at ∼1590
cm−1 with very large values for the anisotropy, around 0.4 for
Chl b and reaching 0.6 in the Chl a spectrum. For a region
where the isotropic spectrum has significant amplitude, this
type of structure in the anisotropy strongly implies that there is
a positive feature at this position in the spectrum, as the only
way to obtain a value for r greater than 0.4 is when multiple
features with opposite sign interfere. In this case, because the
positive band is not sufficiently intense to fully cancel the
strong negative feature, the value for r does not diverge, but in
the case where the negative feature is anisotropic (as is here)
with a sufficiently strong, primarily isotropic positive feature, r
can take on an arbitrarily large value. In this case, the positive
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feature is due to the well-known band observed in the ground-
state IR absorption and resonance Raman of metallochlor-
ins.19−21 This vibrational mode is delocalized over the majority
of the chlorin macrocycle, with a character of predominantly a
Ca Cm stretch with some contribution of a Cb Cb stretch. The
structure of the anisotropy does not allow us to determine with
certainty whether the anisotropic negative feature is composed
of a single broadened vibrational transition (presumably with
CO stretch character) or of two modes, with a lower energy
transition related to the CC mode. For both the Chl a and
Chl b anisotropic spectra this feature has the qualitative
appearance of a single band, which seems to suggest that it is
likely to be predominantly due to a single broad transition.
So far, we have provided assignments for most of the major

features appearing in the transient IR absorption and 2DEV
spectra. There are, however, several smaller features that are
evident in the 2DEV spectra for which the assignments are less
immediately obvious. These include weak positive bands that
appear in both the Chl a and Chl b spectra at higher energies
than the ground electronic state CO stretch mode at 1660
cm−1 along both axes as well as a substantial negative feature in
the Chl b spectra displaced to higher energies along both axes
from the dominant excited electronic state feature. The positive
feature in the Chl a spectra appears at an excitation frequency
of ∼14 900 cm−1 and a detection frequency of 1680 cm−1, while
the corresponding feature in the Chl b spectra appears at an
excitation frequency near ∼15 350 cm−1 and a detection
frequency of 1690 cm−1. The negative feature appears at
roughly the same excitation frequency, with a detection
frequency near 1640 cm−1. The assignment of these features
is not immediately clear because there is no known electronic
excited state that lies between Qy and Qx, and they decay on the
time scale of Qy relaxation and therefore cannot be attributed to
vibrational excited states.
We propose that these features are due to different

coordination states of the central Mg. In nucleophilic solvents,
like ethanol, it is possible for the Mg to exist in either a
pentacoordinate or a hexacoordinate state, in which it has
bound to either one or two solvent molecules. It has been
shown using resonance Raman and IR absorption that for Chl
and bacteriochlorophyll (BChl) these two solvation states can
be distinguished using several vibrational bands in this high-
frequency region.19,26,27 These studies show that for Chl a, Chl
b, and BChl a in methanol, the dominant species is the
hexacoordinate state. For ethanol, both configurations are
present, with Cotton and Van Duyne showing that Bchl a is
predominantly in the hexacoordinate state, while Fujiwara and
Tasumi argue that this is reversed for Chl a and b, which are
predominantly pentacoordinate.26,27 In addition to these
vibrational spectroscopies, it has been argued by Katz et al.
that these solvation states can be distinguished by shifts in the
electronic absorption spectra of the Q bands.28,29 For Chl a
dissolved in methanol, they show that in addition to the
primary Qy absorption at 665 nm that is due to the
hexacoordinate species, there is also a minor component
located at 650 nm, which they attribute to the pentacoordinate
state. Using 2DEV we can correlate these shifts along the
electronic and vibrational axes and provide direct evidence that
they are indeed due to the same species.
In contrast with Fujiwara and Tasumi, we conclude that in

ethanol the hexacoordinate state is the dominant species for
both Chl a and Chl b. While not impossible, it would be
surprising if such a dramatic change in the dominant solvation

state of the Mg would arise due to the differences between
methanol and ethanol or between Chl and BChl. It is also
possible that this has a temperature dependence, as Katz et al.
have demonstrated that in n-propyl ether BChl forms a mixture
of penta- and hexacoordinate at 228 K but becomes entirely
hexacoordinate at 160 K.29

To confirm our assignment of the blue-shifted bands as a
minority population of pentacoordinate Chl molecules, we
performed a series of DFT and time-dependent DFT (TD-
DFT) calculations on isolated Chl a and Chl b, on these species
with a single ethanol molecule coordinated to the face of the
molecule either E or Z with respect to the phytyl chain, and
with the Mg coordinated to two ethanol molecules, one on
each face. For each of the equilibrium ground-state geometries
for both Chl a and Chl b in the various solvation states, we
performed TD-DFT calculations to determine estimates for the
S1 ← S0 excitation energies. In each case, the calculation
correctly identified S1 with the Qy transition. The results of
these calculations are shown in Table 1. For Chl a, the energy

difference between the hexacoordinate species and the Z
pentacoordinate species is 234 cm−1, and that for the E
pentacoordinate species is 121 cm−1. For Chl b these
differences are 390 and 262 cm−1, respectively. These values
compare reasonably well to the observed energy differences of
∼250 cm−1 for Chl a and ∼340 cm−1 for Chl b. The TD-DFT
calculations may not quantitatively predict the correct energy
differences, but it does correctly predict the smaller energy
difference for Chl a compared with Chl b. These values for the
changes in electronic excitation energy for the various solvation
states, together with the previously observed differences in the
vibrational and electronic absorption spectra for the different
states, suggest that this is a plausible assignment for these
spectral features and that, at least at low temperature, the
hexacoordinate species is the dominant solvation state for Chl a
and Chl b in ethanol.
In principle, it should be possible to use the 2DEV spectra to

measure the exchange rate between the different coordination
states of the Mg in a similar manner, as has been demonstrated
with 2DIR spectroscopies.30,31 We do not see evidence of a
significant degree of exchange between these species, for either
Chl a or Chl b, within 250 ps. Given that these experiments
were performed at cryogenic temperatures (77 K), with any
significant energetic barrier separating the different species, and
with diffusion essentially eliminated, such a slow rate of
exchange is reasonable. It would be interesting in future work
to study the temperature dependence of the 2DEV spectra to
determine the magnitude of this energy barrier between the
pentacoordinate and hexacoordinate Chl species in varying
solvents as well as to study how the ratio between these species
changes at higher temperatures.
To conclude, we have presented transient IR absorption

spectra and 2DEV spectra of isolated Chl a and Chl b dissolved
in deuterated ethanol and held at 77 K. We have provided
assignments for the major spectral features that appear in the
1540−1700 cm−1 spectral region, including bands assignable to

Table 1. Chl S1 ← S0 Excitation Energies (cm−1)

no. ethanol molecules

0 1 Z 1 E 2

Chl a 18346 18326 18213 18092
Chl b 18271 18159 18031 17769
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CO and CC stretch modes on the electronic ground state
and the CO stretch on the Qy electronic excited state. For
Chl a we observe strong features due to initial excitation of the
Qx band, which either do not appear or are very weak in the
Chl b spectra. The assignments were made by comparing the
observed spectra with the well-known IR and resonance Raman
spectra of these Chl species, by using DFT calculations, and by
taking advantage of the polarization dependence of the spectra,
which is capable of revealing spectral features, which cannot be
otherwise resolved. We have also observed features resolvable
from the main Qy bands along both the electronic and the
vibrational axes, which we assign to be the different solvation
states of the Chl molecules, with either a pentacoordinate or a
hexacoordinate Mg. This work demonstrates the potential
usefulness of 2DEV as a technique for distinguishing molecular
conformers and serves as an important first step toward using
2DEV to study the electronic and vibrational properties of
photosynthetic PPCs.
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