We attribute the high thermal stability of
the hep inclusion compounds [(T,, — T):
2-CF,Br, 260°C; 2-CF,, 370°C; 2-CH,,
320°C] to the host lattice being isomorphous
with its pure phase—the host lattice cannot
gain much stability by releasing the guest
because the initial and final lattices would be
identical, even at elevated temperatures. In
contrast to the zeolites, the guest cannot eas-
ily diffuse through the host lattice because the
channels are nonporous.

The stabilization of volatile species in a
solid matrix purely by van der Waals forces is
not without precedent: An argon inclusion
compound of the approximately spherical
molecule tetra-fert-butyltetrahedrane has
been reported (20). This complex also crys-
tallizes as a hcp array of host molecules with
the argon guest situated in interstitial voids
(space group P6,/m, a = 15734, ¢ =
13.92A). However, the complex is only sta-
ble below about —50°C. Above this temper-
ature, the guest is released and the host lattice
is destroyed. In sharp contrast, we have
shown that 2-CF, is stable up to 240°C. To
account for this extreme difference in stabil-
ity between the two seemingly analogous
structures, we carefully examined the host-
guest packing modes. The most notable dif-
ference between the two inclusion systems is
that the guest-containing voids of the argon
inclusion compound are formed by periodic
dilation of type a channels, whereas the type
b channels are constricted. On the basis of
this observation, we propose that, to stabilize
highly volatile guests in a hexagonal crystal
system, the guest molecules should reside
within a void fashioned from a type b chan-
nel. An approach to designing suitable host
matrices based on the principles of crystal
engineering would thus involve a judicious
choice of host such that its geometry would
facilitate enlargement of type b channels and
shrinking of type a channels.
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Conformational Dynamics in a
Dipeptide After Single-Mode
Vibrational Excitation

Brian C. Dian, Asier Longarte, Timothy S. Zwier*

The dynamics of conformational isomerization are explored in a methyl-capped
dipeptide, N-acetyl-tryptophan methyl amide (NATMA), using infrared-ultra-
violet (IR-UV ) hole-filling and IR-induced population transfer spectroscopies. IR
radiation selectively excites individual NH stretch vibrational fundamentals of
single conformations of the molecule in the early portions of a gas-phase
expansion, and then this excited population is collisionally recooled into its
conformational minima for subsequent conformation-specific detection. Effi-
cient isomerization is induced by the IR excitation that redistributes population
between the same conformations that have population in the absence of IR
excitation. The quantum yields for transfer of the population into the various
conformational minima depend uniquely on which conformation is excited and
on which NH stretch vibration is excited within a given conformation.

Experimental studies of the mechanisms and
dynamics of conformational isomerization in
flexible molecules are faced with very differ-
ent tasks, depending on the size of the mol-
ecule of interest. In the simplest case, two
conformational minima are separated by a
single transition state involving motion along
a well-defined reaction coordinate (e.g., cis/
trans isomerization in XHC=CHY) (/).
Large macromolecules undergo conforma-
tional change on a potential energy landscape
that involves millions of conformational min-
ima and an even greater number of pathways
connecting them (2, 3). Between these two
extremes lies an interesting size regime in
which the conformational landscape exhibits
considerable complexity, but selective exci-
tation and detection of single conformations
are still possible. Furthermore, precise
amounts of energy can be placed in the mol-
ecule in well-defined initial vibrations, en-
abling mode-specific effects to be probed.
Here we describe initial results from a laser-
based, IR-UV pump-probe method that can
be applied with considerable precision to
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study conformational isomerization and ener-
gy flow in isolated molecules in this interme-
diate-size regime.

We chose for our initial study N-acetyl-
tryptophan methyl amide (NATMA), a meth-
yl-capped dipeptide. An exhaustive search of
the conformational space of this molecule
with the AMBER force field (4) reveals that
it has 164 minima connected by 714 transi-
tion states (5). There are 65 conformational
minima calculated to lie within 40 kJ/mol of
the global minimum. The conformational
minima of NATMA can be categorized into
“families” of structures that share a common
dipeptide backbone configuration (6).

The three lowest-energy conformers of
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N-acetyl-tryptophan methyl amide, NATMA
Structure 1.
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NATMA are shown in Fig. 1A. Two of these
structures [A(CS5) and B(CS5)] belong to a
“C5” family with extended dipeptide back-
bones that differ in the orientation of the
indole ring relative to the backbone. The third
conformer [C(C7)] belongs to a second fam-
ily (“C7”) that contains an intramolecular
hydrogen bond between the exterior NH
group of one peptide unit and the carbonyl
group on the other, forming a seven-mem-
bered ring. NATMA incorporates an indole
molecule into its side chain, which makes it
possible to detect NATMA with high sensi-
tivity in the UV (~35,000 cm™") with laser-
induced fluorescence (LIF) (7).

We have recently studied the conforma-
tional preferences of NATMA using double-
resonance laser spectroscopy to record IR and
UV spectra of single conformations of the
molecule free from interference from one
another (8). A supersonic expansion cooled
the NATMA molecules into the zero-point

REPORTS

levels of several of the lowest-energy confor-
mational minima. Only three conformations
with detectable population were observed
(Fig. 1A). These studies also provided the IR
spectral signatures for the NH stretch vibra-
tions of the amide NH groups in the peptide
backbones of the three conformations.

The experiments described here build on
this foundation to study the dynamics of con-
formational isomerization. A schematic dia-
gram of the spatial and timing requirements
for the method is shown in Fig. 1B, and an
energy-level diagram for the methods is
shown in Fig. 1C. The NATMA sample is
heated to 150°C to obtain sufficient vapor
pressure, entrained in several atmospheres of
helium, and pulsed through a 0.8-mm-diam-
eter orifice into a vacuum chamber to create a
supersonic expansion. A distinguishing fea-
ture of the hole-filling technique is the spatial
separation of the IR and UV laser beams. In
the method used here, IR excitation occurs

Fig. 1. (A) Structures
of the three lowest-
energy conformers of
N-acetyl-tryptophan
methyl amide (NATMA).
These three structures
are the only ones ob-
served in the superson-
ic expansion. Schemat-
ic diagram of the (B)

spatial and temporal
arrangement, and (C)
energy-level diagram
for the IR-UV hole-
filling and IR population
transfer spectroscopy
(IRPTS) experiments.
NATMA molecules are
entrained in three bars

of helium and expand-
ed through a 0.8-mm- c S
diameter orifice of a 1
pulsed valve, operating
at 20 Hz, into a vacuum
chamber pumped by a
roots blower. The con-
formers of NATMA be-
gin to cool, before be-

ing excited with an IR B NH Stretch
light pulse from an op- v=1
tical parametric con- Il. Collisional a 8

verter. Selective excita- Cooling A E

tion of one of the NH s >

stretch fundamentals = =

of a single conformer S = NH Stretch
(e.g., conformer B) with g Zerlo'POlm'f
the IR pulse gives these eve
exciteclj) B cgonformers A(CS) B(CS) C(C7)

40 kj/mol of excess en-

ergy and creates a hole in the population of its zero-point level. Collisional cooling in the expansion (1)
removes this excess energy, partially refilling the original conformer B(C5) minimum or producing a gain
in population in other conformers [A(C5) or C(C7)]. A UV laser pulse (Ill), timed to intercept the recooled
molecules (~2 ps delay from the IR pulse), probes the resulting population changes induced by the IR
source. In IR-UV hole-filling spectroscopy, the IR is fixed in wavelength, and the UV laser is tuned. These
scans probe where the excited population went. In IRPTS, the IR is tuned, while the UV laser is fixed on
a unique transition due to one of the conformers. IRPTS probes the population transfer into and out of
a given conformational minimum. In either case, the IR light is pulsed only every other time the UV laser
fires, and the difference in LIF signal from the UV laser is recorded.

early in the supersonic expansion (~1 mm
from the expansion orifice) rather than in the
collision-free region downstream. An IR
wavelength is chosen such that only a single
conformation absorbs through an NH stretch
frequency unique to a particular NH group of
that conformer. The conformation that ab-
sorbs the IR radiation has a fraction of its
population receiving this additional energy
(~40 kJ/mol), thereby creating a “hole” in its
ground-state population. This additional en-
ergy is available to the excited molecules for
conformational isomerization. By exciting
molecules early in the expansion, many col-
lisions occur after IR excitation to cool the
excited molecules into the zero-point levels
of the conformational minima accessible to
them. The redistributed conformational pop-
ulation is then probed about 2 s later in the
collision-free region of the expansion (~4
mm downstream), by using LIF to excite the
ground-to-first excited singlet state electronic
transitions of the conformers.

Two complementary schemes were used.
In “IR-UV hole-filling spectroscopy,” the IR
pump laser was fixed to a specific NH stretch
fundamental of a particular conformation of
NATMA, and the UV probe laser was tuned
over the S,-S, origin region of the conforma-
tions (Fig. 1B). The energy that was initially
introduced into this conformation through a
specific IR absorption relaxed intramolecu-
larly and collisionally, either back to the ini-
tially excited conformational minimum or
over isomerization barriers into different con-
formational minima. The difference in LIF
signal with and without the IR laser present
reflected the change in population of the var-
ious conformers. The conformation chosen
for excitation had its UV transitions appear-
ing as a depletion in the hole-filling scan,
whereas the UV transitions due to the con-
formations gaining population showed up as
gain signals.

Alternatively, in IR-induced population
transfer spectroscopy (IRPTS), the IR ex-
citation laser was tuned while the UV laser
was held fixed on a particular transition in
the LIF spectrum, thereby serving as a
monitor of the population of that conform-
er. The resulting IR spectrum then reflected
the population changes induced by the up-
stream IR laser on the downstream popula-
tion of a given conformer.

The LIF spectrum of NATMA in the re-
gion of the S-S, electronic origin (Fig. 2A)
contains contributions from all three con-
formers present in the expansion. UV-UV
hole-burning spectroscopy (8, 9) was then
used to dissect the LIF spectrum into its
contributions from each of the conformations
present in the expansion. The inset in Fig. 2A
shows three UV-UV hole-burning scans that
identify the transitions due to conformers
A(C5), B(C5), and C(C7) in the LIF spec-
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trum. The UV spectrum of conformer C dif-
fers from that of A and B, but for our pur-
poses here, this is of little consequence.

In the hole-filling scan shown in Fig. 2B,
the IR laser was fixed at 3454 cm™!, which
selects for excitation of conformer B through
its Y-amide NH stretch fundamental. The cre-
ation of a “hole” in conformer B’s ground-
state zero-point level population produces a
“dip” in the LIF signal for its transitions,
whereas gain signals are observed in the LIF
transitions of conformers A and C due to
population transfer into these minima. The
recooling is complete, because no evidence
for hot bands is present in the gain signal.
Other hole-filling spectra (not shown) dem-
onstrate selective excitation of conformers C
and A, depending on the IR wavelength se-
lected. Thus, by proper choice of IR wave-
length, we can selectively excite a single
conformer and create new conformational
population distributions downstream in the
expansion.

Quantitative information regarding the
transfer of population is best obtained by
using IRPTS. The red traces in Fig. 3, A to C,
show a series of IRPT spectra recorded with
the UV probe laser fixed on transitions that
selectively monitor the fluorescence from
A(CS), B(CS), and C(C7), respectively. The
black traces below the IRPT spectra were
recorded with the pulsed valve pulled back to
a position in which cooling collisions no
longer occur between IR absorption and UV
probe. Under these conditions, only the IR
depletions of each of the three conformers
were observed. These spectra identify the
unique IR transitions of each conformer
[3440 and 3466 cm™~! for A(CS5), 3431 and
3454 cm™! for B(C5), 3342 cm™! and 3429
cm™~! for C(C7)]. The IRPT spectra (red trac-
es) have broader IR absorptions than the “ze-
ro-filling” spectra (black traces) because IR
excitation occurs in a warmer part of the
expansion for the former scans, where rota-
tional cooling is not yet complete.

The NH stretch fundamentals in this IR
wavelength region are due to localized
stretches of the amide and indole NH bonds.
The NH bonds responsible for each IR tran-
sition in Fig. 3 are indicated in the structures
in Fig. 4. All traces in Fig. 3 are plotted as
fractional depletions on the ordinate axis,
which corresponds to the fractional change in
the ground-state population of the conformer
being monitored.

Certain bands in the IRPT spectra, such as
the transitions at 3440 cm™! and 3466 cm™!
in A, 3454 cm™! in B, and 3342 cm™! in C,
are well separated from other bands and can
produce a population dip in the conformer
responsible for the absorption and corre-
sponding gains in the populations of the other
two conformers. Other transitions (3429 and
3431 cm™! in B and C), which show partial
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overlap with one another, produce more com-
plicated profiles that reflect the competition
between gain and depletion in these regions.

The IR-UV hole-filling spectra show no
evidence for the formation of new conforma-
tions. Because the entire excited population is
cooled back to the zero-point levels of con-
formers A, B, and C, the total net change in
population in the three conformers, AN, +
ANy + AN(, must be zero at all IR wave-
lengths. This criterion can be used to find the
initial fractional populations of the three con-
formers (i.e., in the absence of the IR excita-
tion). As shown in Fig. 3D, such a condition
is met with fractional populations of con-
formers A(CS), B(CS), and C(C7): F, =
0.23, Fy = 0.40, and F = 0.37, where Fy
represents the Nth conformer’s fraction of the
total NATMA population.

The “zero-filling” spectra of Fig. 3 show
depletions that measure the fraction of the
population of a given conformer excited at
that IR wavelength. When combined with the
IRPT spectra taken under identical laser con-
ditions, a quantitative measure of how this
excited population redistributes itself can be
obtained for each unique IR absorption. For
example, for the IR transition at 3342 cm™!,
which is due to conformer C(C7), we define
@, as the quantum yield (10) for formation
of conformer A downstream after excitation
of conformer C upstream. If all of the C
conformers excited by the laser were to cool
back into the same minimum, then ®. = 1,

and ®., = ® = 0. In that case, the dip in
“C” would be completely filled in by the
cooling collisions, and no gains would appear
in the spectra of A or B. Clearly, the spectra
of Fig. 3 do not conform to this limiting case.

The dotted traces that overlay the experi-
mental IRPT spectra of Fig. 3 are the net
result of fitting the regions around the six IR
absorptions to extract six sets of quantum
yields, one set for each of the two amide NH
stretch fundamentals of the three conformers.
The details of the fitting scheme will be
described elsewhere (8). The fits successfully
reproduce the complex band shapes arising
from the convoluted sets of dips and gains
present in each of the three action spectra,
leading to unique sets of quantum yields for
each transition.

The resulting measurements of the quan-
tum yields for the six vibrational fundamen-
tals are summarized in Fig. 4. Several impor-
tant conclusions can be drawn from the data.
First, isomerization by this means is efficient.
The method can be used to create new con-
formational distributions downstream in the
expansion that differ substantially from those
created in the absence of the IR radiation.
One could thus imagine using this pump-and-
cool scheme to study the conformational de-
pendence of photo-induced or bimolecular
reactions by systematically varying the con-
formational distribution. Second, the isomer-
izations induced by the IR radiation involve
large structural changes, breaking or forming

A A(C5)

Fig. 2. (A) Laser-induced

* B(C5)

fluorescence (LIF) excita-
tion spectrum of NATMA
in the region of the S-S,

origin. The LIF spectrum
contains  contributions
from all  conformers
present in the expansion.
The inset shows three
uv-uv hole-burning
scans that separate the
LIF spectrum into its con-
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stituent parts, identifying
three conformers, A, B,
and C. (B) IR-UV hole-fill-
ing spectrum with the IR
source tuned to 3454
cm~7, at the peak of the
Y-amide NH stretch of
conformer B. Selective ex-
citation of B appears as a
dip in the fluorescence
signal for the transitions
due to B, while gain sig-
nals are observed in tran-
sitions assignable to A
and C.
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Fig. 3. (A to C) IRPT
spectra (red traces)
monitoring UV transi-
tions marked with an
asterisk in Fig. 2A, due
to A(CS5), B(CS), and
C(C7) conformers. The
corresponding  “zero-
filling” spectra are
shown as black traces,
recorded under identi-
cal conditions, but
with the pulsed valve
pulled back to a posi-
tion where insufficient
cooling collisions oc-
cur between the IR
pump and UV probe
lasers to refill the ze-
ro-point levels of the
conformers. In that
case, only depletions
are observed that pro-
vide a measure of the
fraction of the popula-
tion excited with the 0.1
IR laser. The wave-
number positions (in
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Fig. 4. Quantum yields for isomerization following IR excitation of the indicated NH stretch
fundamentals. @, is the quantum yield for formation of conformer | following IR excitation of
conformer |. Typical error bars on the quantum yields are + 0.03.

an intramolecular hydrogen bond [C(C7) to
A(CS5) or B(C5)] or reconfiguring the indole
side chain relative to the peptide backbone
[A(C5) to B(CS5)]. Third, in NATMA, the
new distributions involve a redistribution of
population among the conformations already
having population in them but do not trap
population in new minima, despite the pres-
ence of about 60 minima that are energetical-
ly accessible immediately after IR excitation.
Preliminary results on two other molecules
lead to similar conclusions (/7), but addition-
al examples are needed before a firm gener-
alization can be drawn. Of most importance,
the quantum yields for formation of the three
conformers vary widely from one transition
to the next. Given that the three conformers
have a similar energy (within ~2 kJ/mol) and
receive nearly identical amounts of energy in
the vibrational excitation, one might have
imagined that all transitions out of the three
conformers would distribute their excited
population similarly. As shown in Fig. 4, this
is clearly not the case.

Indeed, the quantum yields are both con-
formation specific and mode specific. An
example of the former is provided by a com-
parison of the 3466 cm™! transition in A and
the 3454 cm™! transition in B(CS5). Both
involve excitation of the {-amide NH stretch.
Excitation of these structurally equivalent
(but conformationally inequivalent) NH
groups leads to completely different quantum
yields for population transfer. When A(C5) is
excited it preferentially forms C(C7) (where
an intramolecular H-bond is formed); when
B(C5) is excited it preferentially forms
A(C5).

The most notable example of vibrational
mode-selectivity is the qualitatively different
quantum yield distributions produced by ex-
citation of the two amide NH stretch funda-
mentals of conformer B. When the -amide
NH stretch is excited (3454 cm™!), conform-
er A is produced efficiently (®g, large),
whereas excitation of the ¢-amide NH (3431
cm™!) produces little A, but instead re-forms
B with high yield. Similarly, isomerization
out of the conformer A well is substantially
more efficient when the -amide NH (3466
cm™!, ®,, = 0.04 £ 0.04), rather than the
d-amide NH (3440 cm™!, d,, = 0.28 *
0.03), is excited. These results indicate that
unique pathways on the potential energy sur-
face play a critical role in dictating the redis-
tribution of population under the circum-
stances of the present experiment. Alterna-
tively, when the H-bonded NH stretch of
conformer C(C7) is excited, a quantum yield
distribution similar to the starting population
distribution is produced, suggesting that the
NH: - -O=C H-bond may facilitate more com-
plete energy redistribution throughout the
dipeptide backbone. In a similar way, nonse-
lective excitation of all three indole NH
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stretch fundamentals (which overlap at 3523
cm™ 1) produces little net change in the pop-
ulation of the three conformations, consistent
with their position remote from the dipeptide
backbone.

The observation of vibrational mode-se-
lectivity in the conformational isomerization
of a molecule of this size is an unexpected
result. Many previous studies on much small-
er molecules have concluded that vibra-
tionally mode-specific behavior is increasing-
ly unlikely as the size of the molecule in-
creases (/2, 13). Intramolecular vibrational
redistribution, or vibrational state mixing, in-
creases with increasing molecular size be-
cause the density of vibrational states at a
given energy rises quickly with increasing
molecular size, washing out mode-specific
excitation by diluting the make-up of the state
carrying the oscillator strength with an in-
creasing number of background levels at that
energy.

However, the present experiment probes
conformational isomerization rather than bond
breaking, with barriers separating the confor-
mational minima of about 20 kJ/mol, total ex-
citation energies of only about 40 kJ/mol, and
fast cooling in the expansion (with the first
cooling collision on the 107!° s time scale).
Such conditions could limit the extent to which
energy can redistribute throughout the molecule
before trapping behind a barrier to isomeriza-
tion. If the molecule is large enough, the parts
of the molecule far from the point of excitation
should play little role in the dynamics that
follow IR excitation. In this sense, vibrational
mode-selectivity may be more readily achieved
in very large molecules than in small ones, if
selective excitation can be achieved. In addi-
tion, the cooling collisions may participate in
changing the conformational populations rather
than simply quenching them. Thus, in the pres-
ence of competing deactivation, the kinds of
conformational change that can be induced by
IR excitation may have a characteristic length
scale that the present experiment could be be-
ginning to explore, pointing to the need for
further experiments of this kind, supported by
theory.
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Nitrate Controls on Iron and

Arsenic in an Urban Lake
David B. Senn*{ and Harold F. Hemond

Aquatic ecosystems are often contaminated by multiple substances. Nitrate, a
common aquatic pollutant, strongly influenced the cycling of arsenic (As) under
anoxic conditions in urban Upper Mystic Lake (Massachusetts, USA) by oxidizing
ferrous iron [Fe(ll)] to produce As-sorbing particulate hydrous ferric oxides and
causing the more oxidized As( V), which is more particle-reactive than As(lll)
under these conditions, to dominate. This process is likely to be important in

many natural waters.

Arsenic cycling in aquatic systems is strongly
influenced by redox processes. For example,
oxidized [arsenate, H,As*"’0,] and reduced
[arsenite, H,As"""0,] forms of inorganic As
can differ both in their tendency to form soluble
or insoluble complexes (/—3) and in their tox-
icity to humans and aquatic communities (/).
Moreover, because surface complexation of As
by solid hydrous ferric oxide (HFO; Fe in the
+1III oxidation state) often plays a dominant
role in immobilizing As (2, 3), redox processes
that affect Fe speciation can also have a strong
indirect effect on As (4). Thus, redox-active
pollutants (oxidants or reductants) could have
the potential to affect As mobility. Nitrogen (N)
pollution, arising from activities such as agri-
cultural fertilization and fuel combustion, is
generally of concern for its roles in eutrophica-
tion and acidification (5); however, nitrate
(NO, ™), one of the major forms of fixed N, is
also a powerful oxidant. Laboratory studies
have recently identified bacteria that can medi-
ate both Fe(Il) (6-8) and As(IIl) (9) oxidation
by NO,~, and field evidence suggests that
NO,™ may influence Fe cycling in natural sys-
tems (/0-13). Here we show that NO,™ is
dominant in the control of both As and Fe
cycling during anoxia in urban, seasonally strat-
ified, and eutrophic Upper Mystic Lake (UML;
maximum depth ~ 24 m, surface area ~ 50 ha,
volume ~ 7 X 10° m?®). The results have
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implications for element cycles in many N-
polluted aquatic systems.

UML’s sediments contain 200 to 2100 parts
per million (ppm) of As, derived primarily
from industrial activity (/4). These sediments
are a seasonal source of As to the water column
(15-17). Conventionally, the presence or ab-
sence of O, is considered the main determinant
of Fe (10) and As (/8) chemistry in nonsulfidic
lake waters (19), and anoxia does initiate re-
lease of Fe and As from UML sediments into
the hypolimnion (depths ~ 10 to 24 m). How-
ever, the expected reduced chemical forms,
As(II) and dissolved Fe(Il) (/9), have only
materialized occasionally in UML (/5). Instead,
oxidized As and particulate Fe(IIl) have accu-
mulated in the anoxic water column during
most years (16, 17, 20). For example, by late
July 1997, O, had fallen below detection limits
(~5 uM) in waters deeper than 15 m, and Fe
and As began to be released from the sediments
(Fig. 1, A and B) (21). Fe(Il) and As(III),
however, represented only small percentages of
total As and Fe throughout the following 4
months of anoxia. Because the Fe must have
been remobilized from the sediments in soluble
form as Fe(Il), most of this Fe was oxidized
subsequent to release, in the absence of O,.
Similarly, any As remobilized as As(II) must
have been anaerobically oxidized to As(V).

We hypothesized that NO,~ was responsi-
ble for the dominance of oxidized Fe and As. In
UML, as in many eutrophic lakes, NO, ~ levels
(21) frequently exceed 100 uM (Fig. 2). Per-
sisting for several months after seasonal ther-
mal stratification (thermocline at depth of 7 m)
and subsequent O, depletion in UML, a large
fraction of the NO,~ pool was produced in
situ through microbial oxidation of NH,*
(i.e., nitrification).
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