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Probing Enantiospecific Interactions betweenProline and an L-Glutathione Self-Assembled
Monolayer by Modulation Excitation ATR-IR Spectroscopy
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Universitede Neuchtel, Institutde Chimie, Rue Emile-ArgaridL, 2007- Neucttel, Switzerland

The interaction of proline with self-assembledmonolayers (SAMs) of L-glutathione (y-glu-cys-gly) on gold was
investigatedby a combinationof attenuatedtotal reflection (ATR-IR) infrared and modulation excitation spectroscopy
(MES). The latter technique makes use of phase-sensitivedetection of periodically varying signals and allows
discrimination betweenspecieswith different kinetics such as dissolvedproline and adsorbedmolecules.By applying a
convection-diffusion model coupledto adsorptionand desorption,it was possibleto extract relative adsorption and
desorptionratesfrom the experimentaldatafor the two enantiomersof proline, fully accountingfor masstransportwithin
the flow-through cell. The results show that, in particular, the desorptionkinetics is different for the two enantiomers.
Therefore,the L-glutathioneSAM can discriminatebetweenenantiomersp-proline being strorger bound. The IR spectra
revealthatupon interactionwith proline the adsorbed.-glutathioneis protonatedat the gly part of the molecule,which, in
the absenceof proline, is bound to the gald surfaceascarboxylateThe observedorotonationof adsorbed-glutathioneupon
interactionwith proline goesalong with a structuralchangeof the former, which seemsto play an importantrole for
enantiodiscrimination.

Introduction experimental methods merely quantify enantiodiscrimination
without giving direct molecular-level insight. For example,

Chiral surfaces and interfaces have received CorL':'iderablechromato raphic methods derive separation factors from reten-
interest in recent years because of their importance in separation, . grap P
tion times. Other methods measure a mass cHéoga change

and sensintf of enantiomers, their application in heterogeneous . . -
enantioselective cataly4isand their possibly decisive role for in the optical thlckness dge to adsorptfoiven further methods
such as atomic force microscopy rely on force measurements

the origin of biochemical homochiralif§’ Cleavage of quartz
or calcite, materials with chiral bulk structures, leads to surfaces between selector and sele_ctén@.ther a_pproa_ches make use
of soluble model systems in order to investigate the relevant

that are naturally chiral. Similarly, cleavage of metals, which intermolecular interactions by apolving bulk techniad®s
have achiral bulk structure, along certain high Miller index IHowever 'tjhe o::)servedl intera)étior?sp%: sgolutlijon may sl'gll va{ry
planes exposes naturally chiral terrace-step-king structdres. from the ,ones relevant at the comresponding interface
Chiral surfaces can also be created by anchoring or adsorption - R TR

An ideal method to probe enantiodiscriminating interactions

of a chiral molecule on a nonchiral surfa®e® In the latter ! X P Iy
at interfaces would combine (surface) sensitivity with selectivity

case, the adsorption of the chiral molecule can even lead tof the chiral inf ton. Wh the f iterion i i
supramolecular chiral assemblies, thus forming patterns that or the chiral information. ereas the former criterion is me
by many powerful surface science toélsthe latter is an

destroy the symmetry of the underlying surfatt the absence _ S . ; .
of long-range ordering, the chirality of such surfaces is solely a_ttrlbl_Jte of (_:h|ropt|c_a| tec_:hmques such as _C|rcular_ @chrcﬁ’sm,
associated with the ch}rality of the adsorption complex vibrational circular dichroism? or Raman optical activity® The

' combination of both attributes mentioned above is a real

The ability to differentiate between enantiomers of a chiral hall Nonli tical techni A t o b
probe molecule is one of the most interesting properties of a chaflenge. Noniineéar optical techniques may turn out to be
powerful in probing chiral interfaceX.

chiral surface. It has, for example, been found that the Infrared ) I blished for th v of
enantiomers of glucose are electrooxidized at different rates on nfrared spectroscopy is well-established for the study o
surfaces and interfaces, and it has been used to investigate the

intrinsically chiral Pt(643) electrodédt has also been reported ; ; . ith chiral surfadd@s Th h

that (R)-3-methylcyclohexanone desorbs enantiospecifically Interaction of enantiomers with chiral surfaces. The tech-
from the two enantiomeric forms of the chiral Cu(643) surface ~ Nidue has the disadvantage that nonspecific interactions also
and that the enantiospecific desorption occurs from the chiral 91V€ rise t0 signals. Thus, the adsorption of enantiomers on a
kink sites!” Examples of enantiodiscrimination of chirally chlral surface may result In very similar spectra, th_e Interesting
modified surfaces are numerous and include, for example, thedifferences being overlaid by much stronger signals from
chiral stationary phases used in chromatography. Despite themolecules that interact with the surface in a nonspecific manner.
numerous reports on enantiodiscriminating interfaces, not much | overc(;)me Ithilse .pr0b|emS,PR\yvN§hhavz Ire(':ently combined
molecular-level information is available on the relevant inter- atténuated total reflection (ATR)-fRwith modulation excitation

28 ) TS o

molecular interactions between surface (selector) and anaMes_pe_ctrpscopy (ME? to probe c_h|ral discrimination at so_hd

molecule (selectand). This is because most of the appliedIIqUIOI [nterfgcesz.’ .MES selectively reveals.the periodically
changing signals stimulated by the modulation of an external

* Phone ++41 32 718 24 12. Fax-+41 32 718 25 11. E-mail: parameter. By periodically Changing the absolute COﬂﬁgUration
thomas.burgi@unine.ch. of the probe molecule (absolute configuration modulation),




SCHEME 1: Structure of Proline (top) and
L-Glutathione (GSH, bottom)
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through cell can be heatedor cooled, but all measurements
reportedherewere performedat room temperaturgT = 298
K). The ATR-IR cell is describedn moredetail elsewheré? 3>
Modulation ExperimentsEtOH was usedasthe solventfor
all ATR-IR measurementeeportedhere.Before eachexperi-
ment, the solventwas saturatedvith nitrogengas(CarbaGas,
99.995%)and was flowed over the IRE until no variationin
thespectruncouldbedetectedabout5 min). Then,aspectrum
wasrecordedoy coadding200interferogramsvhich servedas
referencefor all subsequenmeasurementsSeveraltypes of
experimentsvere carriedout: A first modulationexperiment
wasperformedoy flowing periodicallyEtOH andL-prolineover
thebareandgold-coatedse-IRE.Thistypeof experimenyields
the spectrumof dissolvedproline andgivesinformationabout
theinteractionof prolinewith thebaregold surfaceln afurther

enantiospecific interactions can be spotted, as has been demEXPeriment,GSH at typical concentration®f 0.33 mM was

onstrated for interactions taking place at chiral stationary

phaseg?30

In the present work, we apply this strategy to investigate the
interaction of proline with a chiral self-assembled monolayer

(SAM) formed by adsorbing the tripeptideglutathione ¢-
glu-cys-gly) on gold (see Scheme 1}Glutathione SAMs on
electrodes revealed “ion gating” propertf8s$2The interaction

of cationic drugs, rare earth, and transition metal ions with the
SAM leads to the opening of ion gates, as revealed by redox
probes, and it has furthermore been proposed that the gatin
mechanism goes along with a conformational change of the

adsorbed -glutathione?'-33In a previous study, we reported on
the reversible conformational changes within thglutathione
SAM induced by acid and base stiméfilt was furthermore

shown that part of the adsorbed molecules interact with the gold

surface, not only through the thiol but also through the
carboxylic acid group of the gly moiety, which deprotonates
upon adsorptiod? The results presented below show that similar

conformational changes are induced by the presence of the

amino acid proline and thatglutathione SAMs can differentiate
between proline enantiomers.

Experimental Section

Chemicals. p- and L-Proline, respectively (Sigma-Aldrich,
Inc., both>99%), were used as receivedGlutathione ¢-glu-
cys-gly, GSH, Sigma-Aldrich, Incx98%) was used without
further purification. Ethanol (EtOH, Merck p.a.) was used as

g

flowed over a freshly preparedgold surface.The adsorption
processwas stoppedafter 20 min and 4 h, respectively.The
correspondinglow rateswere0.5mL/min for 20 min and0.18
mL/min for 4 h adsorptiontime. With thesefreshly prepared
samplesmodulationexperimentsvereperformedconsistingof
periodicallyflowing EtOH andp-proline overthe GSH SAM.
An analogougxperimentvasperformedwith L-prolineatequal
concentrationInformation aboutthe interactionof the corre-
spondingenantiomemith the GSH SAM is obtainedin these
experiments.Finally, an absolute configuration modulation
experimentwas performed (i.e., the two enantiomerswere
allowedto flow alternatelyoverthe GSHSAM). A modulation
periodstartedwith a flow of p-proline,followed by anequally
long flow of L-proline over the GSH SAM. Probingenantio-
specificinteractionsof proline with the GSH SAM is the goal
of this experimentAll of the modulationexperimentseported
hereconsistef two initial “dummyloops”to allow thesystem
reachinganewquasi-stationargtatefollowed by averagingver
six measurementoops (periods). During one measurement
period,60 IR spectravererecordedatan80 kHz samplingrate
using the rapid scanacquisitionmode of the Fourier trans-
form (FT)-IR spectrometerFor eachspectrum,6 (30) inter-
ferogramsper modulationperiodwereaveragedresultingin a
modulationperiodof T = 72.4(362.3)s. By asubsequerdigital
phasesensitive detection (PSD) accordingto eq 1, phase-
resolvedspectraare obtainedfrom the set of time-resolved
spectra.

POy g T . . . PS
the solvent. Before each measurement, solutions were treated Al ) = Tfo A, 1) sin(ket+ ¢;>) dt 1)

with nitrogen gas (99.995%, CarbaGas) to remove dissolved

oxygen.

In situ ATR-IR Spectroscopy. Sample PreparatioriThe Ge
internal reflection elements (IREs, 50 mm20 mm x 2 mm,
45°, Komlas) were polished with a 0.25n grain size diamond

wherek = 1, 2, 3, ... determines the demodulation frequency
(i.e., fundamental, first harmonic, and so oh)s the modulation
period, ¥ denotes the wavenumbery is the stimulation

frequency andp;>" is the demodulation phase angle. With a

paste and rinsed copiously with EtOH. The surface was further set of time-resolved specti(, t), eq 1 can be evaluated for

PSD

plasma-cleaned under a flow of air for 5 min before a gold layer different phase angleg,~"'s resulting in a series of phase-
with a thickness of about 2 nm was sputtered onto the IRE. For resolved spectrd&’”*". Only spectra demodulated at the fun-
each experiment, a fresh gold layer was used. Control experi-damental frequencyk(= 1) are reported here. A description in
ments with the bare Ge IRE revealed no GSH adsorption asmore detail of the modulation technique can be found else-
indicated by the absence of prominent GSH signals during where27.28

several hours of exposure to GSH solution.

Data Acquisition ATR-IR measurements were performed on
a Bruker EQUINOX 55 FT-IR spectrometer equipped with a
nitrogen-cooled narrow-band mercury cadmium telluride (MCT)
detector. Spectra were recorded at a resolution of 4'ci
home-built liquid flow-through cell with a total volume of 0.077
mL and a gap of 25@m between the IRE and the polished
steel surface was used for ATR-IR experiments. The flow-

DFT Calculations of L-Glutathione and Proline. To better
understand the structure of GSH and proline and to assign the
vibrational spectrum of proline, density functional theory (DFT)
calculations were performed using the hybrid functional
B3PW9£37with a 6-31G basis séE. GAUSSIAN 03vas used
for all calculations® Structures of GSH and proline are depicted
in Scheme 1. A discussion of the results for the GSH DFT
studies can be found elsewhéfeln case of proline, a



. T T . T . 0.003 Massbalanceof solutespeciesn the bulk is thengiven by
the convection-diffusion equation
ac _ 8 C
L (z)— + D( ) 3)
0.002 § at X2 22
m
E The flux of the solute species in the bulk is expressed by
K=}
m
- 0.001 _ _ Afdc, ac
I=u(z)c D( =+ 82) 4)
wherec denotes the bulk concentration of the solute molecule
- 0.000 andD is the diffusion coefficient.
On the surface boundary, the following reaction rate is defined
d0
rSurface kadsce + kdesCS (5)

In eq 5,0 is the surface concentration of active sitesis the

concentration of adsorbed molecules, &a@ andkgyes are the

rate constants for adsorption and desorption, respectively. Note

that the reaction rate expressed in eq 5 corresponds to a first-
order Langmuir model. The first term on the right-hand side in

intensity (arbitrary units)

eq 5, the surface concentration of active sdesan be written

T . T T T T as the difference between the total number of active #les
1700 1600 1500 1400 1300 1200 and the surface concentration of adsorbed moleaykescording

wavenumber (cm™) to

Figure 1. Top: Demodulated spectrum of EtOH vsproline (0.044
M at a flow rate of 0.5 mL/min) modulation experiment on the bare
Ge—IRE. Bottom: Calculated IR spectrum of proline after convolution
with a Lorentzian band shape (half-width at half-maximan. cn?).
For details concerning the calculation method, see text. The mass balance for the surface, including surface diffusion

and the surface reaction rate as expressed in eq 6, is

do
I'surface™ a = _kadsc(eo - CS) + kdescs (6)

polarizable continuum model (PCK)was used to include the c e

effect of the solvent. All calculations were performed with S _D.—4 KgC(0p — Co) — Kyl (7)
. . . L . L 9 S X2 d 0 es’S

proline in zwitterionic form, as this prevails in ethanol. The

conformation with lowest energy was found to have a hydrogen
bond between the carboxylate and the protonated amine (se
inset in Figure 1).

Modeling Mass Transport and Surface Reactions.To
evaluate adsorption and desorption kinetics in a flow-through
reactor, mass transport within the bulk phase has to be 0<x<L,0<z<hclt=0)=c,cft=0)=0 (8)
considered, which can conveniently be done using numerical - 0 =S
methods. In a previous work, it was shown that mass transport
of solute molecules within the ATR-IR flow-through cell can
successfully be described by convection and diffusion using a
simplified two-dimensional geomet#.The model used in the
present work further couples adsorption, surface diffusion, and
desorption to the transport of species to the surface. Thefo
following assumptions are made for the transport and adsorption
model: (1) laminar flow of a (2) incompressible Newtonian

avhereDs is the surface diffusion coefficient.

The following initial and boundary conditions were defined
for the transport and adsorption model:

Initial conditions:

wherelL denotes the length between the inlet and outlettand
the height of the cellCy is the bulk concentration of the solute
species.

Boundary conditions:

On the reactive surface (i.e.,z&t 0), the boundary condition

r the bulk couples the surface reaction rate with the flux of
reacting species according to

fluid. (3) Because of the reduced two-dimensional geometry ( _ ac

denotes the direction perpendicular to the surface xatide = (z)c— (a ) = K6 — €J + Kyels (9)

direction of the flow within the cell), there are no concentration

variations in they direction and no velocity variations in the Other boundary conditions:

or y direction. (4) Furthermore, interaction between solute

molecules is neglected. z=h,J=0 (10)

Steady-state momentum balance yields the following velocity . _ _

profile which can be expressed in terms of the flow raet! inlet (x= 0), ¢ = GoH(t) (1)

outlet (x=L), J= ¢,(z)c (12)

64y
v(2)=—(hz—7) @ : o
wh In eq 11, the concentration modulatibf(t) is represented
by a smoothed Heaviside function.
wherew is the width andh the height of the simplified flow- Simulations were performed using the finite element method
through cell geometry. (FEM) implemented iFEMLAB*2 The transport and adsorption



model was solved using the real cell dimensionsasL = 36 TABLE 1: ObservedVibrational Bandsof GSH Adsorbed
mm,w = 7 mm, andh = 265um. Furthermorea flow rateof on Gold and DissolvedProline (both in zwitterionic form) in
. . . a
¢v = 0.18 mL/min anda concentratiormodulation(co = 4.3 EtOH
mM) frequencyof 2.8 mHz were used. The total numberof GSH proline _
active sites 0y was assumedo be 10> molecules/cth The (zwitterionic) (zwitterionic) assignment
diffusion coefficientD of the solutespeciegprolinein this case) static signals
was estimatedaccordingto the Stokes—Einsteirequation 1731 v(—COOH)
1649 amide |
. 1527 amide II
D = kT/(6zpa)~ 3.7-10 ° cm’/s (13) 1397 v{(—CO0")
) . . ) ) phase-resolved signals

wherey is theviscosity of the solvent ané is the radius of 1637 v,{—CO0O")
the solute molecule approximated as a sphere. Note that the 1570 s (—NH;) scissoring
sphere radius fo5 A of proline was derived from DFT (appearing as shoulder
calculations. The surface diffusion coefficieRt was further of band at 1637 crm)
estimated to be 3 orders of magnitude smaller than the bulk 1392 v(~CO07 + 0 (~CH)

> e < . 9 , 1370 v(—COO™) + & (—CH)
diffusion coefficientD. Finally, kagsandkges respectively, are lculated sianal
tunable parameters which were adjusted to fit the experimental i%gga € S'gnf z_coo)
curves. Note that. experimgntally available. in an ATR-IR 1537 (;Z (—NH,) scissoring
experiment are signals which are proportional to surface 1340 v(—COO") + 6 (—CH)
concentratiorcs and bulk concentration near the surfae = 1300 v(—COO") + 6 (—CH)

0). In an ATR-IR experiment, the signal is integrated over the  arhe static GSH spectrum is depicted in Figure 2b and the phase-
internal reflection element. To compare with the experimental resolved proline spectrum is displayed in Figure 1 (top). Calculated

proline is depicted in the bottom half of Figure 1. The spectrum

was simulated by convoluting the calculated IR intensity with 0.005 4
a Lorentzian band shape (half-width at half-maximeml1
cmY). The calculated spectrum reveals a prominent signal at
1660 cn! and a less intense band at 1537 émA series of ‘ I —
bands falls in the region between 1350 and 1200 ciResides 1800 1700 1600 1500 1400 1300 1200
shifts in wavenumber, the overall agreement between calculated

and measured spectra of proline in EtOH is good enough to Fi 5 Stati | trum (& 0.044 M) and GSH (t
H ; R H ijgure 2. alicL-proline spectrum (trace a, 0. an race
allow assignment of the most prominent bands, as given in Tableb, 0.33 mM) spectrum after 5 min of adsorption. Note that the former

1. The as§|gnmgnt is in line with previous repdftd.able 1 . spectrum was recorded while flowingproline over the GSH SAM
also contains assignments for the most relevant bands assomategﬁ)ow rate 0.5 mL/min) after 10 min onstream.

with GSH adsorbed on gold as reported previodély.

An ATR-IR spectrum of GSH adsorbed on gold is shown in experiments with different modulation periods were performed,
Figure 2 (trace b). A spectrum recorded while flowingroline that is, T = 72.4 s (by coadding 6 interferograms, modulation
(0.044 M) over the GSH SAM is also shown in Figure 2 (trace experiment 1) and = 362.3 s (by coadding 30 interferograms,
a). The most prominent signals of GSH are visible at 1658 and modulation experiment 2). The flow rates were adjusted to the
1535 cnTl. Less intense bands are apparent at 1725 and 1400corresponding modulation periods to 0.5 mL/min=T172.4 s)
cm~1. The most intense-proline band is visible at 1637 crh and 0.18 mL/min T = 362.3 s), respectively. Phase-resolved
(compare to Figure 1). All other bands, namely the ones at 1725, spectra ob-proline interaction with GSH SAM are depicted in
1540, and 1400 cnt, coincide well with the GSH signals  the upper half of Figure 3 for modulation experiment 1 (trace
already mentioned. b) and modulation experiment 2 (trace a), respectively. Obvi-

Figure 3 summarizes the phase-resolved spectra representingusly, the spectra differ considerably, indicating that the
the interactions of each enantiomer (i andL-proline, both response to the described stimulatioapfoline concentration
at about 4.3 mM) with a GSH SAM after 20 min of self- modulation) depends on the modulation frequency. This dif-
assembling. The corresponding modulation experiment startedference further reveals that species having different kinetics are
with a flow of b- andL-proline, respectively, followed by an  observed in the spectra, such as dissolved proline and adsorbed
equal long flow of solvent (EtOH). Note that these spectra reveal molecules (proline and GSH). The phase-resolved spectrum of
only the signal that is periodically changing because of modulation experiment 1 reveals an intense asymmetric band
modulation of the proline concentration. Comparison between at 1637 cn! and a broad signal in the region between 1400
Figures 2 and 3 reveals important differences between theand 1300 cm!. This spectrum coincides well with the spectrum
demodulated and static spectra (Figure 2a). To study the timeof dissolved proline (Figure 1). The phase-resolved spectrum
dependence of the adsorption/desorption of proline, modulation of modulation experiment 2 (trace a in Figure 3) reveals signals

data, the concentrations were therefore averaged»ver proline vibrations are also included for comparison.
Results OO T R A A O
A demodulated (phase-resolved) spectrum of the EtOH versus I I : : I : : : : : : I

L-proline (0.044 M at a flow rate of 0.5 mL/min) modulation 0.020 4 [ [ A R
experiment on the bare Ge-IRE is depicted in Figure 1 (top). ' I I I I I : : : : : : :
The spectrum reveals a prominent peak at 1637cwith a 3 o T I I O Y
shoulder at about 1570 crh In addition, a broad feature ~§ 00151 | : | ' : Lo : : |
composed of several overlapping bands is visible in the region g Lo I Lo
between 1400 and 1300 ct The calculated IR spectrum of - 0.010 I I : | : | I : :

[ |

[

|

wavenumber (cm™)
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Figure 4. Time dependence of signals at 1625 (upper half in Figure

Figure 3.dP|ha_se-reso|v¢d spectrad(_); EtOH m(s)c-jprloline (?Oth 4'3_ 4) and 1725 cmt* (lower half in Figure 4) of the corresponding EtOH
mM) modulation experiment at different modulation frequencies s ) nroline modulation experiments performed at a modulation

(periods). Traces a and b refer to EtOH wsproline modulation - _ : :
. . period of T = 362.3 s (note that the corresponding spectra are depicted
experiment al = 72.4 s (trace b) andl = 362.3 s (trace &) modulation — ¢jq re 3, traces a and c). Dashed lines refep-uroline and solid

periods. The same modulation experiments were performed.-for lines toL-proline. A typical modulation period started with a flow of

groline._Trz;ce c refers t?]a nfwlodulation periodTgf— 36%3 S a;]ndé_rf?ce EtOH (at 0.18 mL/min) over the GSH SAM (after 20 min of adsorption)
to T=72.4 s. Note that flow rates were adjusted to the different ;icateq by “EtOH” in the left part of Figure 4. During the second

modulation periods and amounted to 0.5 mL/minTor= 72.4 s and ot heriod of the modulation experiment, EtOH was replaced by an

0.18 mL/min forT = 362.3 s. equally long flow ofp(L)-proline (dissolved in EtOH) indicated by
“EtOH + proline” in the right part of Figure 4. The calculated time

at 1729 and 1637 cm, whereas the former is hardly apparent dependence of the signals using the transport and adsorption model is

in the case of modulation experiment 1. The band at 1637cm  depicted by bold lines. Again, dashed lines refep4proline and solid
further reveals a different band shape with a shoulder appearing"”es to L-proline._Note that the signals in_ the upper h_alf of Figure 4
at approximately 1570 cmi. Differences in intensity and refer to changes in the concentration of dissolved proline, whereas the
" . . signals in the lower half reflect variations in the surface concentration
pOSI}IOﬂ of the broad band in the region b(?twee_n 1400 and 13Ooof proline due to adsorption/desorption on/from the GSH SAM.
cmt are apparent; the band at 1400 ¢nis shifted to 1415
cm~1, and the signal at approximately 1225¢hs clearly more 4, the time dependence of the absorbance at 1625 ¢sn
intense in experiment 2. displayed fom- andL-proline, respectively, revealing no large
The phase-resolved spectra of the EtOH vensysoline differences. The dominant contribution to this signal stems from
modulation experiment are depicted in the lower half in Figure proline in solution, and a weaker signal from proline interacting
3. The spectrum at the bottom (trace d) is the response towith the GSH SAM is thus probably hidden. In other words,
modulation experiment 1, whereas the spectrum above (tracethe time dependence of the 1625cnsignal mainly originates
c) corresponds to modulation experiment 2. Again, the two from changes in the concentration of dissolved proline forced
spectra differ significantly and in a similar manner as described by convection and diffusion. On the other hand, the time
above forp-proline (compare to the two spectra, traces a and dependence of the signal at approximately 1725 cshows
b, in the upper half of Figure 3). Careful inspection yet reveals significant differences between andL-proline. During the first
small differences between the spectra of theand L-proline half-period of modulation experiment 2 (left part in the plot,
interactions with the GSH SAM. It should be noted that the indicated by “EtOH"), the flow of proline over the GSH SAM
experiments with the two enantiomers were performed at is replaced by EtOH, and the corresponding signals decrease
different days on different samples. Also, the apparent larger with significantly different rates for thep- and L-proline
noise in spectra a and c is due to a larger interference of gas-experiments. Obviously, the decrease of the signal at 172% cm
phase water in these experiments. Because the interaction ofs faster for the_-proline experiment and reaches steady state,
each enantiomer with the GSH SAM has been found to dependwhereas for th@-proline experiment the corresponding signal
on modulation frequency, it is helpful to turn to the time is still about to decrease after the first half-period of modulation
dependence of selected signals in order to learn more aboutexperiment 2. During the second half-period of modulation,
adsorption and desorption kinetics, respectively. EtOH is replaced by dissolved proline (right part in the plot,
The time dependence of the signals at 1625 and 1728,cm indicated by “EtOH+ proline”), which leads to an increase of
respectively, foro- and L-proline, respectively, versus EtOH  the signal at 1725 cri. In thep-proline experiment, the signal
modulation experiment 2T( = 362.3 s, coaddition of 30 increases slightly more rapidly with time, almost reaching steady
interferograms) is displayed in Figure 4. Dashed lines refer to state at the end of the second half-period of modulation
p-proline and solid lines to-proline. In the upper half of Figure  experiment 2. As will be shown later, the signal at about 1725



cmtis likely associatedvith adsorbedsSH. Still, its appear-
anceand disappearancare due to the interactionof proline
with the GSH SAM and are thereforedirectly relatedto the
adsorption/desorptiokinetics.In summarythesignalsat 1625
and1725cm! belongto completelydifferentsystenresponses.
The former signal refersto changesin the concentrationof
dissolvedproline nearthe interface whereashe latter reflects
thesurfaceconcentratiorof proline dueto adsorption/desorption
on/from the GSH SAM. Assumingadsorptionand desorption
to befirst-orderreactionsandabsorbancéo be proportionalto
concentration(Lambert—Beerlaw), the time dependencef
signalsdepictedin Figure4 wassimulatedusingthe transport
andadsorption/desorptiomodeldescribedn the Experimental
Section.The tunableparameterk,qs and kges Were adjustedio
fit the experimentalcurves. The result of the corresponding
simulationss depictedn Figure4 asboldlines.Again, dashed
lines refer to p-proline and solid lines to L-proline.

Obviously, the simulationsrepresenthe significant differ-
encesbetweenthe responsesf the bulk (upperhalf in Figure
4) andsurface(lower half in Figure4) well. However deviations
from experimentatlataarevisible, which maybe explainedby
small volumesin the ATR-IR cell (behindinlet and outlet),
wherethe fluid is almoststagnating? and slight signal drifts
during measurementln addition, larger deviationsbetween
experimentaland model dataare apparentin the right lower
half of Figure 4. The correspondingsignalsare relatedto the
adsorptiorof b- andL-proline,respectivelyBecausehe applied
adsorption/desorptiomodelassumesimpleLangmuirkinetics,
the observedliscrepancynayindicatea morecomplexadsorp-
tion processthat is not completely capturedby the model.
Knowing the adsorptionand desorptionrate constantsallows
calculatingAAG® of adsorptiorfor p- andL-proline according
to

0 K,
AAG’= —RTln| (14)

L

whereKp, = Kadsp,)/Kdesp,) denote the corresponding equilib-
rium constants ob- andL-proline, respectively. Evaluating eq
14 for T = 298 K, we foundK,/K, = 7.5, and thusAAG® ~
—5.0 kJ mot™. In other words, the GSH SAM seems to
discriminate betweebn- andL-proline, with the former being
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Figure 5. A demodulated ATR-IR spectrum of an absolute configu-
ration modulation experimenb{ vs L-proline) is represented by trace

a. The modulation experiment started with a flowpgbroline followed

by an equally long flow ot-proline over the GSH SAM. The EtOH

vs D-proline modulation experiment is displayed in trace b. The
contribution from dissolved proline was minimized by choosing the
demodulation phase angle accordingly. Trace c refers to an EtOH vs
HCI (0.013 mM) in EtOH modulation experiment. In this kind of
experiment, EtOH was allowed to flow over a GSH SAM (a#teh of
adsorption) during the first half-period and was replaced by acidic EtOH
(HCI in EtOH) during the second half-period of the modulation
experiment. The spectrum is a difference spectrum and represents the
spectral changes during deprotonation in ethanol in the time interval
between 50 and 241.6 s after switching to ethanol flow. This modulation
experiment is described in more detail elsewtiére.

Obviously, the two spectra discussed above (traces a and b)
are in good agreement with the bottom spectrum in Figure 5
(trace c). Trace c reveals an ATR-IR spectrum of another
modulation experiment. In this experiment, neutral EtOH and
HCI (0.013 mM) in EtOH was allowed to flow alternately over

a GSH SAM afte 4 h of adsorption. It was shown that GSH
reversibly changes ionic form from zwitterionic to protonated
state upon this stimulation. Further information about this kind
of modulation experiment can be found elsewh#re.

Discussion
The admittance of dissolved proline to GSH self-assembled

more strongly bound. It should be pointed out that the derived onto gold leads to characteristic signals in the ATR-IR spectra.
value for AAG® should be regarded as an order-of-magnitude Some of the signals arise because of dissolved proline itself,
estimate rather than an exact value, as its derivation relies onnotably the prominent band at 1637 ch{v.{COO")). Other

the kinetic model outlined above. Because the GSH SAM seemssignals are not associated with dissolved proline, as the
to distinguish between the proline enantiomers, signals can becomparison between the spectra in Figure 1 (proline dissolved
expected for the absolute configuration modulation experiment in ethanol) and Figure 3 (proline admitted to GSH SAM) shows.
when the two enantiomers (at 0.045 M) are allowed to flow The latter signals are assigned to adsorbed species. A control
alternately over the GSH SAM. A phase-resolved spectrum of experiment where proline was admitted to a bare gold surface
such an experiment is depicted in Figure 5 (trace a, scaled byrevealed that the signals in Figure 3 do not arise from proline
a factor of 25). The phase-resolved spectrum of the enantio-directly adsorbed on gold.

specific modulation experiment reveals a negative band at 1725 As can be seen in Figure 4, the signals from dissolved proline

cm™! and a positive one at 1615 cf Furthermore, a broad
positive band in the region between 1400 and 1250'ciw
visible and a negative band at approximately 1225 trfihe

and the signals arising from adsorbed species have different
kinetics of appearance and disappearance in the modulation
experiments. As a consequence, their spectral contributions can

discussed spectrum is in good agreement with the one in thebe separated in the demodulated spectra by appropriately
middle of Figure 5 (trace b, scaled by a factor of 25), which choosing the demodulation phase angEéD, as was done in

corresponds to the EtOH versosproline modulation experi-

Figure 5. Note that the choice @f>"in order to remove the

ment discussed above. By using one of the benefits of the signals of one species from the spectra is somewhat arbitrary
modulation technique, namely the separation of species with when all the signals associated with that species are overlapping

different kinetics by choosing the phase angfg® in eq 1

with signals from other species. This situation may apply in

accordingly, the contribution of dissolved proline was removed the present case. We chose the demodulation phase ¢itgle

by adjustingg;, >° such that the signal at 1637 cfvanished.

such that the prominent signal at 1637 ¢nvanished.



The spectraassociateavith the adsorbedpeciesn Figure5
arecharacterizedy negativebandsat 1731cm* (»(C=0) of
COOH) and 1222 cmt (6(C—0O—H) + »(C—O of COOH)
and positive bandsat 1615 cm™! (v,{COQO")), 1396 cm™!
(veym(COO")), and 1303 cm™L. Note that whethera bandis
positiveor negativein ademodulategpectrundepend®n the
demodulationphase angle. For demodulationphase angles
differing by 180°, the resulting spectraare inverted (positive
bandshecomenegativeandvice versa)but otherwiseidentical.
The spectral changesdiscussedabove are characteristicof
deprotonation/protonatioof carboxylicacid groups.Figure 4
furthermoreshowsthat the v(C=0) signal of the acid group
(COOH) increasesupon admitting proline, revealing that
protonationof anacidgroupis taking place,anddeprotonation
occursuponremovalof proline.

Threecarboxylicacidgroupsareinvolvedin thesystemunder
considerationtwo on GSH and one on proline. In ethanol,
prolineexistsin zwitterionicform, asclearlyshownby the ATR-
IR spectraof thedissolvedspecieqFigurel), hencetheacidis
deprotonate@K, = 1.99).GSHitself alsoexistsin zwitterionic
form in ethanolwith the acid group on the glu part of the
moleculedeprotonatedndthe oneon thegly partprotonated*
However we haveshownrecentlythat,uponadsorptiorof GSH
onto gold, part of the moleculesundergodeprotonatiorof the
acidgroupof the gly moiety. This deprotonations assistedy
the interactionof the carboxylategroupwith the gold surface.
Figure 5 showsthat the demodulatedspectrumobtainedby
modulating the proline concentrationis very similar to a
differencespectruncharacteristiof deprotonatiorof the GSH
samplein ethanolafter admittingHCI. This stronglyindicates
that what is mainly seenin the demodulatedspectrais the
responseof the GSH layer, which is partly protonatedupon
admissionof proline and deprotonatedluring the subsequent
ethanolflow. On the basisof previouswork on GSH SAMs,
we canevenbe more specific* It was shownpreviouslythat
thedeprotonatiorof GSHin ethanolafter protonatiorwith HCI
proceedsin two stepswith distinctly different kinetics and
spectralchangesssociateavith them.A fastdeprotonatiorof
theglu partof themoleculeis followed by a considerablyslower
deprotonatiorof the gly part. The latter stepgoesalong with
aninteractionof the correspondingarboxylategroupwith the
gold surface. Comparisonshows that the spectral changes
inducedby the proline concentratiormodulationaresimilar to
the onesobservedduring the deprotonatiorof the gly part of
themoleculen particular,the pronouncedsy,(COO") at 1396
cm~1is characteristicThe spectralchangeghusindicatethat,
upon admitting proline, a fraction of the adsorbedGSH
moleculesare protonatedat the gly moiety. Becauseproline
exists as a zwitterion in ethanol(COO~ and NH,") a direct
protontransferfrom prolineto GSHseemasunlikely (pKa(NH2™)
= 10.60).We thereforeproposethatthe surfaceis involvedin
the protonationprocess.

As shownin a previousstudy,in ethanol,a fraction of GSH
adsorbedn gold is protonatedat the gly moiety, andanother
fractionis deprotonated? Changingthe stability of eitherone
of thetwo statesnvolvedin theequilibriumbetweerprotonated
anddeprotonatedcid groups(boundto the surface)will shift
the equilibrium. We therefore proposethat the presenceof
proline at the interfacestabilizesthe protonated(not surface
bound)stateof the gly moiety of GSH throughintermolecular
interactions.The differencesbetweenthe spectrain Figure 5
obtained when GSH is interacting with HCI and proline,
respectivelyin the spectrarangebetweerl 500and1600cm 1
may indicatesuchinteractions.

The questionthat remainsis why the spectrain Figure 5
mainly showthe signatureof GSH, despitethe fact thatthese
changesreinducedby the presencef prolineattheinterface.
One possibleexplanationis basedon the different sensitivity
of the methodfor the two moleculeslt hasbeenreportedthat
IR absorptionis enhancedin the vicinity of metal and
particularly gold films.#4 As one enhancementnechanisma
chargetransferhasbeenproposed?® This mechanisndifferenti-
atesbetweerionsdirectly chemisorbean the metal,for which
alargeenhancemeris expectedandmoleculeswveakly bound
to the surface.This could explain why preferentially GSH
signalsareobservedn the spectraHowever,we preferanother
interpretation.If the spectrumof proline interactingwith the
GSH SAM doesnot changemuchwith respecto the spectrum
of dissolvedproline,asis expectedn theabsencef protonation/
deprotonatiorof the molecule,then a differentiationbetween
the two speciess difficult. In this case the contributionfrom
the adsorbedproline is also subtractedwhen choosingthe
demodulatiorphaseanglesuchthat the contributionfrom the
bulk (e.g.,the strongrv,{COO") bandat 1637cm™1) vanishes.
At this point, it should be notedthat, evenif the vibrational
frequencie®f adsorbednddissolvedprolinearethe samethe
relativebandintensitiescould changeuponadsorptionpecause
the latter dependon the orientation of the molecule on the
surfaceThefinding thatpreferentiallyGSHsignalsareobserved
in the demodulatedspectrain Figure 5 thusindicatesthat the
proline is either not strongly orientedon the surface,which
seemsaunlikely, or that the orientationis suchthatthe relative
intensitiesof the mostprominentbandsof theadsorbedpecies
aresimilar to the onesfound in solution.

Thespectrado not providemuchinsightconcerningheexact
natureof theintermoleculainteractionbetweerthe GSHSAM
andproline. Fromthe demodulatedpectrain Figure5 andon
the basis of a previousinvestigation®* it emergesthat the
protonation/deprotonatioaf adsorbedGSH upon adsorption/
desorptionof proline goes along with prominent structural
changesvithin the GSHIlayer. Thelatterchangemaybesimilar
to the ion gating observedwhen admitting cationic drugs or
metalionsto GSH SAMs 3%:32

Finally andmostimportantly,theexperimentsevealthatthe
GSH SAM differentiatesbetweerp- andL-proline, the former
being more strongly bound.We havefound that this enantio-
differentiationdepend®n thestructureof the GSHSAM. SAMs
that were assembledor 4 h insteadof only 20 min did not
showappreciablesignalsin the absoluteconfigurationmodula-
tion experimentsWe interpretthis finding with the structural
changesvithin the GSHSAM thatgo alongwith theinteraction
with proline. Thesechangesnay not be possiblein a SAM that
wasassembledbr alongtime. Similarly, it wasobservedefore
thatthe structureof the SAM stronglydepend®ntheconditions
during adsorptionof GSH (i.e., presenceand absenceof acid
andbase)andthatthis hasa significanteffecton theamplitude
of the responseoward acid stimuli.34

Conclusions

L-Glutathioneself-assembledn goldis foundto discriminate
betweerenantiomer®f proline,with p-proline beingthe more
stronglybound.Theenantiodiscriminatiomasrevealedy two
independenttypes of experimentsbased on ATR-IR and
modulationexcitationspectroscopyror thefirst, theadsorption/
desorptiorkineticsof thetwo moleculesvasstudied.To extract
relativeadsorptioranddesorptiorratesfor thetwo enantiomers
from the experimentalcurves,numericsimulationswere per-
formed,which couplemasdransporiconvectionanddiffusion)



with adsorptionand desorption. The ATR-IR experiments
revealedthat, in particular,the desorptionkineticsis different

for thetwo enantiomersThe numericalsimulationsreproduced
the measuredesponseassociateavith dissolvedandadsorbed
speciestoward concentratiormodulationwell. Absolute con-

figurationmodulationexcitationexperimentsurtherconfirmed

enantiodiscriminationIn the latter experiment,the absolute
configurationof prolinewaschangederiodically. The signals
in the demodulatedpectrarevealthe differencein interaction
of the two enantiomerswith the chiral L-glutathioneSAM.

Demodulated ATR-IR spectra associatedwith adsorbed
speciesstronglyresemblethe spectralchangesobservedvhen
changingheprotonatiorstateof L-glutathioneadsorbean gold.
It couldfurthermorebe concludedhattheinteractionof proline
with adsorbedL-glutathioneleadsto protonationof the gly
moiety of thelatter. This processs reversiblein theabsencef
prolinein solution.In the absencef dissolvedproline, part of
theL-glutathioneis deprotonatedandthe carboxylategroupof
thegly partof themoleculeinteractswith thegold surface The
protonation of L-glutathione goes along with a significant
structuralchange.

Whenthe L-glutathionelayer was allowedto self-assemble
for alongtime (4 h insteadof 20 min) theenantiodiscrimination
wasvirtually lost. Thisis explainedoy the structuralchangeof
L-glutathioneuponinteractionwith proline,which maydepend
on the structureof the SAM. A similar dependencef the
protonation/deprotonatioresponsen the structureof the SAM
was reportedearlier. This indicatesthat enantiodiscrimination
in this systemis mainly associatedwith defectsin the L-
glutathioneSAM.
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