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The structural properties of self-assembled monolayers (SAMs) of oligo(ethylene glycol) (OEG)-terminated
and amide-containing alkanethiols (HS(§HCONH(CH,CH,O)sH and related molecules with shorter alkyl

or OEG portions) on gold are addressed. Optimized geometry of the molecular constituents, characteristic
vibration frequencies, and transition dipole moments are obtained using density-functional theory methods
with gradient corrections. These data are used to simulate IR reflectlmsorption (RA) spectra associated

with different OEG conformations. It is shown that the positions and relative intensities of all characteristic
peaks in the fingerprint region are accurately reproduced by the model spectra within a narrow range of the
tilt and rotation angles of the alkyl plane, which turns out to be nearly the same for the helical and all-trans
OEG conformations. In contrast, the tilt of the OEG axis changes considerably under conformational transition
from helical to all-trans OEG. By means of ab initio modeling, we also clarify other details of the molecular
structure and orientation, including lateral hydrogen bonding, the latter of which is readily possessed by the
SAMs in focus. These results are crucial for understanding phase and folding characteristics of OEG SAMs
and other complex molecular assemblies. They are also expected to contribute to an improved understanding
of the interaction with water, ions, and ultimately biological macromolecules.

1. Introduction ing the results from ab initio modeling of HS(GRCONH—
EG, with experimental RA spectra measured for a given
conformation enables us to propose the optimized geometry of
he molecule and its orientation (including mutual orientation

f the alkyl, amide, and OEG portions) within the respective
SAMs on gold. In general terms, such a modeling provides a
deeper insight into the nature of the temperature-driven phase
transitions observed in OEG SAMs. To elucidate the role of
the length of the molecular segments and of the different OEG
conformations, we model the vibrational spectra of molecules
with different lengths of the alkyl portiom{= 11 and 15) and
different lengths it = 4 and 6) and conformations (all-trans
and helical) of the OEG portion. The obtained results allow us
also to address issues related to in-plane stabilization of the OEG
assemblies through the formation of a lateral hydrogen bonding

In the current contribution, we utilize ab initio modeling to
address a specific class of OEG SAMs on Au(111) supporting
surfaces, which has been studied recently by means of standar
and temperature-programmed IR reflecti@bsorption (RA)
spectroscopy:? The SAMs, formed by self-assembly of
HS(CH,)\ CONH—(CH,CH,0),H (the OEG portion (CRHCH,-
O),H of these molecules is denoted below as,E@xhibit
unique conformational properties depending on the nature of
the supporting lattice, the OEG length, and the substrate
temperature. The all-trans conformation was found experimen-
tally in shorter OEG SAMs on goléf and on silvet whereas
longer OEGs on gold? generally adopt the helical conformation.
EGs-terminated SAMs, however, were shown to undergo

reversible temperature-driven conformational phase transmonsnetWOIrk between neighboring amide grodpsVe discuss also

R ; ) 2 )
near 60°C from helical to all tra.né. The latter ob.servatlon future possibilities to include intermolecular as well as substrate
provides a valuable set of experimental data that is needed for.

adjusting the results of the ab initio modeling of the different interactions in the modeling.

helical and all-trans OEG conformations. 2. Details of Calculations
Ab initio methods have been used extensively in studies of . . .

substantially shorter and less complicated molecules than those The optimized geometry and TDMs of vibrational modes,

: : hich have been used here to model the IR RA spectra of
encountered here.’” We as well as others are using the density whichy .
functional theory (DFT) method for obtaining reliable equilib- specifically oriented HS(CHCONH-EG, molecules, were

rium molecular geometries, vibrational frequencies, and transi- calculated by using the DFT method with a BP86 exchange-

tion dipole moments (TDMs) for OEG molecul®&? Combin- correlation functional (with 6-31G* basis set) as provided by
the Gaussian-03 suite of programs. Earlier we have shown that

bolie@ this method gives satisfactory reproducibility of RA spectra
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ifm.liu.se. without frequency scaling in the fingerprint regidfLikewise
IBogglyubov Institute for Theoretical Physics. in the cited works, the values of all the vibrational frequencies
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(a) (b) () (@)
Figure 1. Representation of optimal orientations of molecules3 with respect to the SAM substrate surface: (a) HS{&HEONH—EG, (trans)
(1-t) for Oa = 26°, ypp = —62°, pa = —80°; (b) HS(CH)1sCONH—EGs (trans)(2-t) for 0, = 26°, a = —65°, pa = —82°; (¢) HS(CH)1sCONH—
EGs (helix) (2-h) for 0p = 26°, ya = —62°, pp = —72°; (d) HS(CH)1:CONH—EGs (helix) (3-h) for O = 26°, 1o = —58°, pa = —74°.

In focus are RA spectra of the following molecules: HS- whereas the squared TDM%)Z for modeling the spectra of
(CHy)1sCONH—EG; with the EG portion in the all-trans  randomly oriented molecules can be written as
conformation {-t), HS(CH,)1sCONH—EG; with the EG part ‘ 1 . . A
in the all-trans 2-t) and helical B-h) conformations, and o 2=§ [ + @) + @) 2)
HS(CH;)1:.CONH—EGs with the EG portion in the helical
conformation 8-h). Molecules1—3 are represented in Figure = The model spectra are obtained as the sum of Lorentzian-shaped
1. Experimental data for these compounds have been publishedeaks, each centered at the fundamental mode frequency
in ref 2. Our modeling of the IR response is based on the having the half width at half-maximum (hwhm) which is
assumption that the molecular vibrations are weakly perturbed determined by parameter(in cm™). In such an approximation,
by the molecule-substrate and intermolecular interactions. the frequency dependence of the RA spectrum is given by,

Moreover, the results of ab initio calculations of the mode w(i))z
intensities for a single molecule (which in the output are given () =1,— z ©)
in the so-called standard orientation chosen by Gaussian for 0 (v — 1/-)2—1— e

1

maximum calculation efficiency), that is, the TDM) of each

normal mode, were projected onto Cartesian coordinate axeswhereu® equalsu{) for the molecules self-assembled on gold
These axes were chosen to be rigidly connected with the CCCgn(g #g\), for the randomly oriented molecules. The fitting
plane as illustrated in Figure 2a. In terms of tilt and rotation parametem— and a dimensional sca”ng faCttlf are Specified
angles of the alkyl chainfa and ya, respectively, the |ater on. RA spectra are calculated here in the frequency interval
component ofﬂ(D'), which is perpendicular to the supporting of 900-1700 cnt? that includes the fingerprint and amide
surface, is given by the following relation, regions.

0 W 0 0 3. Geometry and Orientation of OEG-SAM Components

i i) o i) . i

UG = —Hy SiNO, COSY, + uy’ SN, siny + ;' COSO, 3.1. Optimized Geometry.Geometry optimization is the first
Q) step in computing vibrational spectra. For the observed proper-
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Figure 2. Definition of Euler angles andk{,ya,za) axes for alkyl segment (a)xd,ye,ze) axes for OEG trans (b) and helix (c), and,{n,zv) for
amide group (d). The axes are shown for the case when in the laboratory frame of refezatlehe angles are zero excefit = —30°. In parts
a and b of Figure 2, theaza— andxez= planes coincide with the CCE€and all-trans COC planes, respectively; for helical OEG conformation, axis
Xe is directed along the bisector of the angle formed by the first COC groupzaigghe vector product ofe and the bisector of the angle formed
by the next COC group, and axjs = z= x xe. For the amide moiety CONH, the axis is parallel to the €N bond, axisyy is perpendicular to
the G=C—N—H plane, and = yn X Zu.

TABLE 1: Calculated Angles for Optimized Geometries of Molecules 1-t= HS(CH,);sCONH—EG, (trans), 2-t =
HS(CH2)1sCONH—EGg¢ (trans), 2-h = HS(CH,)1sCONH—EGg (helix), and 3-h = HS(CH2)1:CONH—EGg¢ (helix)?

Oza/ze? P2 @2 0% P % 7(CCCN) 7(CNCC) 7(OCCO)
1-t 12° -70 101° —43 35° 113 135 —101° 180°
2-t 8° —69° 104 —45° 35° 122 135 —10% 180°
2-h 28 87° —69° —41° 36° 103 133 -10% 72
3-h 25° 83° —69° —40° 34 101° 134 —104° 72°

@ Characteristic angle8g, e, @&, On, ¥n, andgy for 64 = ya = @a = 0 and the following dihedral angles: angle of rotation with respect to
the C-C bond, where the second carbon belongs to the amide gf@@CN), angle of rotation with respect to the-l& bondr(CNCC), and angle
of rotation with respect to the centraHC bond of OEGr(OCCO)." Oza/ze = O for 64 = ya = @a = 0.

ties of SAMs consisting of complex molecular compounds (such Figure 2c¢); axisz is the vector product ofe and the bisector
as those which form OEG-terminated SAMSs), there are two of the angle formed by the next COC group; axis is
factors of crucial importance. These are the mutual orientations determined by the vector produet x xg see Figure 2c.

of the molecular building blocks and the orientation of the Provided the orientation of the CCC plane is known, angles
molecular skeleton with respect to the metal substrate surface.fg, @g, andye can be found from the transformation matrix
In our case, the molecular components are HSjGHs from thexayaza— to thexeyezs system of coordinateéd.Hence,
undecanethiol and pentadecanethiol chains, CONH, an amideone can find the orientation of the OEG portion (with respect
group, and (CHCH,0)4¢H, tetra(ethylene-glycol) only in the  to the substrate related frame of reference) for the given
all-trans conformation and hexa(ethylene-glycol) in the all-trans orientation of the alkyl portion of the molecule. Finally, the
and helical conformations.The orientation of each of the orientation of the amide moiety CONH is characterized here
components can be determined by the corresponding set of Euleby xy, Yn, andzy; see Figure 2d. The direction of tlzg axis
angles. The first set, which specifies orientation of the alkyl coincides with the &N bond, axisyy is perpendicular to the
CCC plane with respect to the substrate surface, is representedd=C—N—H plane, andxe = ye x z. Then, the third set of
by 65, the angle of tilting of the axis relative to the substrate  Euler angles is given b§y, ¢n, andyy, wherefy is the tilting
normaln, the azimuthal anglea, andy,, the angle of rotation of the C—-N bond with respect to the surface normal is

of the xaza plane about the, axis!t AxesXa, ya, andz, are azimuthal angle, anghy is the rotation of the &C—N—H plane
introduced in an established manAgésgee Figure 2a. Similarly, about the C-N bond.
Euler angle®)e, ¢, andye give spatial orientation of the OEG Molecules1-t, 2-t, 2-h, and 3-h in optimized geometries

part of the molecule. For the all-trans OEG chains, these angles(found here with the help of BP86 method with a 6-31G* basis
determine the orientation of the COC plane, and their definition set) are shown in Figure 1. The andlza/ze between alkyl

(in the xgyeze frame of reference, see Figure 2b) is the same as (za) and OEG %) axes within moleculesl—3 and the

that of 6, @a, andya with respect to the CCC plane. For helical characteristic dihedral angle€CCCN),7(CNCC), andr(OCCO),
OEGs, thexg, Y&, andz= axes can be defined as followsAxis which determine the structure of the molecules, are presented
Xeg coincides with the bisector of the angle formed by one of in Table 1. The angles of the OEG and=C—N—H planes

the COC groups of the OEG chain (the first COC group in relative to the frame of reference coinciding wiky ya, za for
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Oa = ya = @a = 0 (the CCC plane is lying in thez plane in
Figure 1) are also given. These ang@s(equal toza/ze),
v, ¢, 65, v, and¢Y describe the tilt and rotation of OEG

J. Phys. Chem. A, Vol. 109, No. 34, 2006791

nearest-neighbor interactions are included in the modeling.
However, the demonstrated agreement between theoretical and
experimental RA spectra certifies the reality of the suggested

and amide segments with respect to the alkyl plane. molecular structures and orientations and serves at least as a
For the helical and all-trans conformations of OEG, the angles Well-founded starting point for further studies of highly orga--
between thea andz axes turned out to be quite different and nized monolayer assemplles. Such studies are presently in

close to 30 and 10, respectively. Hence, for the all-trans Progress at our laboratories.
conformation, angl&lza/ze is considerably smaller, indicating 3.2. Molecular Orientation within the SAM. To find the
that the OEG and alkyl axes are not too far from being parallel most likely orientation of the molecular constituents within the
to each other despite the fact that they are linked via an amide SAMs of 1—3, we rely on the following experimental observa-
bridge. This observation is consistent with the “stretched” model tions. It is known that amide | (€O stretching) and amide A
proposed for all-trans Esxerminated alkanethiofs:1>A com- (N—H stretching) vibrations are absent in the RA spectra of
parison of theza/ze angles found for the OEG-terminated OEG-containing SAM$? In contrast, the amide Il vibration
alkanethiols with different lengths of the alkyl and OEG (C—N-—H inplane bending combined with €N stretching)
segments, exhibits certain trends in the dependencezgfize gives an intense peak at1560 cntl. One can conclude
on molecular length. For example, the angle decreases withtherefore that the TDM of the amide Il mode is aligned close
increasing length of the all-trans OEG chain, but it increases to parallel to the surface normal At the same time, the TDM
when the alkyl portion becomes longer; see Table 1. of the amide | mode, which is of a comparable magnitude with
We notice also that the value 9 for the OEG helix depends ~ the TDM of amide Il (as it follows from the comparison of
on the choice of the origin of thexyeze system of coordinates. ~ @mide | and amide Il peaks in KBr transmission spé€jra
In our representation, the origin coincides with the oxygen of @ppears to be close to perpendiculantdNote that the TDMs
the first COC group. The difference in rotations of the OEG of amides | and Il are not parallel to their gssouated bonds
segment with respect to the surface norméhe difference in ~ €=0 and C-N, respectively (see subsection 4.4). Taken
@ values) for the all-trans and helical conformers is aimost together, these data put certain limitations on angles between
180°. This indicates that the all-trans and helical OEG axes are C=O (yc—o0) and C-N (6n) bonds and the SAM surface nor-
tited with respect ton almost in opposite directions. An ~ maln.
immediate implication of this result is that the helical axis is Not less important are the experimental observafiéhs
tilted toward the N-H bond, while the all-trans OEG axis suggesting that amide-containing SAMs are additionally stabi-
appears tilted toward the amide oxygen. The marked distinction lized by hydrogen bonding between amide groups, and that the
between orientations of all-trans and helical OEG conformers strength of the developed hydrogen bond, and thereby the
is decisive in understanding the change of SAM thickness underdistance between H and O atoms in nearest-neighbor CONH

the helical/all-trans transition; see subsection 3.3.

The conformation of the OEG portion is primarily determined
by values of dihedral angles denoted below@CCO). Their
values for the central OCCO group in molecules3 are given
in Table 1. The calculated valuesfOCCO) are equal to 180
and 72 for the all-trans and helical conformations, respectively.
Note that for poly(ethylene glycol), this angle is close t6.70
Values of other dihedral angle6CCCN) andr(CNCC), which
determine the mutual orientation of alkyl and amide portions,
are quite similar for both conformations of the OEG segment.
This implies that for all four molecules under consideration,
the orientation of the &C—N—H plane is nearly the same, as

groups may vary with OEG conformation. One should also take
into account that the relative intensity of the symmetric and
asymmetric peaks, which corresponds to CH-stretching vibra-
tions of the alkyl chain, is strongly dependent on the orientation
of the CCC plane.

All the above-mentioned requirements should be met in the
modeling of the SAM structure. Our step-by-step procedure was
as follows: (1) finding optimized geometry, (2) determining
(from comparison of measured and calculated vibrational
spectra) a range of values 8f anda, which is consistent
with the intensities of symmetric and asymmetric peaks in the
CH-stretching region, observed for alkanethiol self-assem-

evidenced by the data represented in Table 1. For example, theblies?17 (3) finding specific values oflx andya within that

anglest?, 3, andey, display almost identical values far3.

range, for which the angles—o andyn-n are not too far from

However, even a rather small difference in these angles for the90° and 6y is not large, and (4) finding the values of the

all-trans and helix OEG can affect significantly the hydrogen
bond length as discussed in subsection 4.4.

azimuthal anglepa that would provide the minimal distance
between the oxygen atom from one of the CONH groups within

For the calculated optimized geometries, the amide group the SAM and the hydrogen atom of the nearest-neighbor amide

(CONH) in moleculesl—3 adopts the trans conformation, that
is, the dihedral angle OCNH is close to 288s is known, this
group also can exist in the cis conformation, for whi¢@CNH)
is close to 10. However, we found that the molecular

group, if the sulfur atoms form a hexagonal overlayer structure.
Note that for the chosen value g@fy, one also has to control

the distance between the hydrogen atoms of the neighboring
molecules to prevent them from being too close to each other.

geometries associated with the cis conformation of the CONH  As a result of the procedure outlined above we arrived at the

moiety give contradicting SAM characteristics. For example,

values offpa, ypa, andga which can be regarded as optimal;

the calculated thicknesses of corresponding SAMs turn out to that is, they meet the best possible manner for all the require-
be much smaller than those observed experimentally. Further-ments listed above. These values are summarized in Table 2.
more, we focus only at such optimized geometries, which place The orientation of the €O bonds with respect to the substrate
the amide oxygen out of the CCC (alkyl) plane. The reason is hormaln (angleyc—o) and the corresponding values@, g,

that there are a number of experimental facts (see below) whichge, On, ¥n, andgy angles are also given.

are not consistent with the inplane alignment of tfre@bond.

Obviously, there is no guarantee that the optimized geom-

The tilt anglef, = 26 fits well in the range of-26° to ~40°
which is known for related SAME21518.19For example, in ref

etries, which have been found here for isolated molecules, 12 it is evaluated to be-27° for the SAM ofn-alkanethiols on
remain to be the most favorable ones when nearest- and nexta gold surface; the force-field modeling of metoxy tri(ethylene
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TABLE 2: Characteristic Angles for Molecules 1-3 TABLE 3: Comparison of Measured and Calculated SAM

2 N 2 Thicknesses for Amide Group Containing OEG-Terminated
On  ¥n  @a° O ve  ¢e O Yn gn* Yoo Alkanethiols on Gold?

%: gg: _gg: _gg ggo _gg _gg _gg: _go 431° g%o alkyl chain OEG chain molecular calculated ~ measured
5h 260 —62 77 220 25 1B 970 —4° —3° 96 length (A) length (A) length (A) thickness (A) thicknes8 (A)
3-h 26° —58 —79° 22 16° —143 —-26° —8 0° 97 1-t 195 13.8 36.6 33.9 33811
a . . 2-t 195 20.9 43.8 40.6 n.a.
For the hexagonal lattice, the change of the value of azimuthal 5_p, 19.5 16.4 38.6 389 398 1.7
angle by 60-n, n =0, 1, ... does not affect the SAM structure. 3-h 14.4 16.4 33.8 343 34911

2The calculated lengths of alkyl and OEG segments as well as of

glycol)-terminated alkanethiols in ref 15 givé ~ 37°. In the whole molecules are also shoWrExperimental data from ref 2.

SAMs of alkylated 1-thiahexa(ethylene oxide) on gold, this
parameter is found in ref 18 to satistiy = 32 + 2°. Our . ) ) )
modeling suggests that the value@f should be restricted to difference is smal! due to nearly_ the same orientation of the
26 + 5° larger or smaller values lead to serious conflicts CONH group). This value, combined with the “thickness” of
between the calculations and experimental data. Nearly the samdhe alkyl and OEG portions, gives SAM thicknesses of 40.8
constraints are found to be valid for the angles and ¢a. and 38.3 A for2-t a_nd 2h respectively. Th_|s is very close to
An important conclusion that follows from Table 2 is that the exact _values given in Tab!e 3. The dlﬁere_nce~¢§f.5 A .
the optimal angles for the alkanethiol chain are very similar for the helical conformer is mainly due to the difference in tilt
for 1—-3. Hence the conformational properties and the length angles F)fZE (eql_JaI to 22, see Table 2) af‘d of the vector
of the OEG tail only marginally influence the orientation of connecting the first C and last H of the he|_|ca| O.EG segment
the alkyl segment. The predicted values @f and pa are (equal to 13). Thus, these very simple considerations allow us

consistent with the previous estimates of tilt/rotation of the alkyl to evalusag?wti:ﬁ cko ntributions of all molecular segments into a
chain in the SAM of n-alkanethiols on gol and OEG- proper ICKNESS.

terminated SAM on gold.For the obtained orientations, the 1€ thickness for SAMs consisting of moleculés 3 is
calculated values of the anglee—o are close to 99 an  calculated forda = 26> and the known SAu distance (1.9

orientation that is consistent with a low intensity of the amide A).?! Within experimental errors, the estimated thicknesses agree
| peak in agreement with experimental datiThese arguments eIy Well with ellipsometric measuremerit®egardiess of the
support the validity of our choice of the geometries of molecules Substantial difference in length of the Eortion for all-trans
1—3 from a number of other possible realizations. and helical conformations (the all-trans conformer is 4.5 A
For the all-trans OEG terminus, the estimated valuégof Ionger),' the thickness fﬁ't IS pnly 1.7 A larger than that O.f .
35° agrees well with the results of force field modeling of =G 2-h. This can be expla|_ned with the help of Fhe chgracte_nsﬂc
terminated alkanethiol monolayers self-assembled on®Au. anglesya and@E. shown n Table 2. For the_opt|mal orientations
Moreover, the validity of the present estimate is evaluated by of the alkyl chains, the difference in rotations of the OEG and

calculating the SAM thickness (see below). The predicted value a!kyl segments with respect to the surfacg normal(the
of 0c ~ 22 for the helical conformer seems to be in difference betweepe and ga values) for a helical conformer

contradiction with the prevailing belief in the field. Most is more than 70 while the values of, andge for an all-trans

references in the literature align the OEG helix axis within OEG- conformgtlon are practically the same. The t”t. of theds is
terminated SAMs parallel to the substrate normas18.20 substantially larger for the all-trans conformation than that for

However, there is no direct experimental and/or theoretical proof Lhne d(ra]reltlﬁslh(zlliz(g;l /zltla-?r;r?sblt?a%sil:i;ﬁllc:\rllvs g‘?gtit\t‘:?ﬁ[ ((jia;a iﬂzt
of a strictly parallel orientation of the OEG helix to On the ' s

ather hand, moceing of the RA spectraBF3 supports the  210° 22 e o) and it e connectng e sul
estimated value ofg; see the next section. yarog group

17° to 28. Hence, the larger length is compensated by the larger
The angles of the amide moiety in Table 2 demonstrate that g g P y g

. effective tilt.
the predicted values dly (the angle between-€N bond and
n) ensure the presence of a strong amide Il peak in the RA

spectra. Small (close to zero) values of angle of rotation of the 4. Modeling of IR Response

amide segment with respect to the-8 bond @) and of the It is well-known in RA spectroscopy of thin layers on metallic
azimuthal anglevy indicate that for optimal orientation df-3, supports that it is only the vibrational modes having TDMs
the CONH group is aligned almost parallel to tkeplane as aligned perpendicular to the metal substrate that appear in the
in Figure 1. spectra. The model SAM spectra (solid lines in Figure 3) are

3.3. OEG-SAM Thickness For the obtained geometries and calculated according to eq 3. We found it sufficient to use only
orientations of the molecular constituedts3, we evaluate the  two values of the parameter Namely,c = 6 cm%, for the
thicknesses of the respective SAMs for a comparison with the peaks that are due to the OEG helix vibrations aneF 12
experimental values. First we represent the molecular lengthscm™ for the OEG all-trans and amide peaks. The valuk, i
of 1—3 (excluding the SH bond) and the length of the alkyl  the same in all calculations, and as already mentioned, the
and OEG segments. The results are shown in Table 3, wherefrequencies of amide Il and amide IlI vibrations are multiplied
the molecular (or molecular segment) length is understood asby scaling factor 1.037. No other fitting was used to model
the distance between the end atoms of the molecule (segment)spectral—3 which are shown for the values 6f andya given
These data allow one to compare the exactly calculated valuesin Table 2.
of SAM thickness (fifth column of the table) with the ap- 4.1. All-Trans OEG Molecules 1-t, 2-t.IR RA spectra of
proximate estimates equating the contributions of the alkyl and the corresponding all-trans SAMs have been reported e&dier.
OEG portions to length of the segmenicosine of the tilt angle. Here they are compared with the model RA spectra of molecules
For the angles given in Table 2, the contribution of amide group 1-t and2-t in Figure 3a (the spectra are off-set for clarity). The
with the SAM thickness is equal to 3% 0.1 A for 1-3 (the most distinctive peaks and their assignments are also represented
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Figure 3. (a) Comparison of measured and calculated spectiat@nd2-t in the fingerprint and amide regions. hwhm12 cnt? for all peaks.
The scaling factor for amide Il and amide Ill peaks equals 1.037. (b) Comparison of measured and calculated spdctaad3-h in the
fingerprint and amide regions. hwhm 6 cn? for the fingerprint region and 12 crh for the amide peaks. The scaling factor for amide Il and

amide Il peaks equals 1.037.

in Table 4. The calculated frequencies in the fingerprint region stretching vibrations. The other modes do not form pronounced
are very close to those observed experimentally, and this ispeaks in either the calculated or the measured spectra, except
particularly evident for the most intense peak in this region that for a few rather weak peaks that are due to the twisting amide
is attributed to the asymmetric skeleta-O—C stretching Il and bending CH vibrations. The striking similarity of the
mode; see Figure 3a. This peak is observed at 1144 emd modeled and measured spectra supports the statement that the
is reproduced by our calculations as a superposition of severalOEG segments of moleculelst and 2-t adopt the all-trans
strong CG-O—C stretching modes forming a peak at 1140¢ém conformation. The same conclusion has been drawn before by
Our calculations also assign a small, partly resolved feature oncomparing the measured spectra bf and 2-t, with the

the low-frequency side of this peak to the same@-C spectrum of an EGSAM on silver4-16
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TABLE 4: Calculated and Measured Vibrational the region with rocking, twisting, and amide Ill peaks, but the
'I:|r|e$uenC|gsEgnTcm1)_ and dee'.r dASE_'glf(‘”éemﬁ for thh'el . intensities are rather weak. This is the consequence of the known
-'rans -Terminated Amide-Linked Alkanethiols fact that it is only the OEG portion that contributes to the

1-t 1-t 2-t 2-t _ apparent spectrum in this frequency region.
calculated observell calculated observel assignment It is seen that the simulated spectra2et and3-h reproduce
1057 ~1060 1058 ~1060 asymmetric EO—C quite well the relative positions and intensities of all significant
stretching features of the experimental RA spectra. The assignment of
1141 1144 1140 1144 Stéstmrr]‘;et”&o_c fundamental OEG modes completely agrees with previous
i i 1-3,13-16,18,20 i

1221, 1273 1253 1221, 1273 1253 amide Il findings: . It is _also seen from Table 5 that the
1498 ~1465 1498 ~1465 CH bending unscaled frequencies deviate from the measured values by only
1557 1559 1559 1559 amide Il ~2%. The weak feature observed at the low-frequency side of

aFrequencies of amide Il and Il vibrations are scaled by 1.037. the g.]a'r:j pe_aklf lsEattrlbuted kt_o asyt:nm_etrlc iOC SI,(tretChlng
b Experimental data from ref 2. combined with OEG Chkirocking vibrations. peak near

1200-1250 cnt! in the measured and calculated spectra

The model spectra df-t and2-t seem almost identical except ~ contains a contribution from several ghisting and amide
for the expected difference in absolute peak intensities. The samd!l modes. .
observation is true for the experimental RA spectra. We found ~The shape of the measured spectra with a pronounced
also that a variation of the angt within 10—-15° and ya asymmetry of the dominating peak is reproduced remarkably
from 0 to 360 resulted in changes in the relative intensity of Well by our calculations. The high-frequency shoulder is often
the amide 1, amide I, and €O—C stretching peaks, whereas attributed to the presence of nonhelical conformational states
the other peaks remained essentially unaffected. This statement? the OEG SAMs, since amorphous and all-trans OEGs absorb
is illustrated by dashed lines in Figure 3a which model the N the region 11251150 cnt.14710182%n the model spectra,
spectra of randomly oriented molecutbs and2-t, defined as  the shoulder of the main peak appears because of a substantial
in eq 3. For the values ofx andy, given in Table 2, the  lilt of the z= axis which exposes the modes with large TDMs in
calculated intensity ratio for the two main peaks in this region thex.ydirections. Hence, an alternative and plausible explana-
(C—O—C stretching near 1140 cm® and amide Il near 1550  tion of the peak asymmetry may be the multimode structure of
cm-1) is almost the same as those in the measured spectra; sef€ C-O—C stretching peak. The relative contribution of modes
Figure 3a. with dlffgrent TDM prlentat|ons is illustrated in Figure 3b by
While many details in measured and calculated RA spectra dashed lines modeling the spectra of randomly orie@tednd
are similar, there are some minor omissions in the reproduc- 3-N molecules. Itis seen that there exist several stron@€C
ibility. It is worthwhile to mention that the asymmetry of the stretching modes that have comparable valuesuf){ and
main peak is clearly observed experimentally but not in the (ﬂg'>)2. Similar arguments in favor of nonparallel orientation of
calculated spectra. The reason is that the main peak emanatethe helix axis with respect to the surface normal can be inferred
from a number of coupled modes whose relative intensity and from analysis of spectroscopic data obtained for the,-CH
position are not reproduced exactly by the ab initio methods. stretching regiof.
Also, a small fraction of conformers other than all-trans might ~ 4.3. Distinctions between RA Spectra of All-Trans and
coexist in real SAMs. Helical OEG SAMSs. The initial and final states of the helical
4.2. Helical OEG Molecules 2-h, 3-hAt room temperature  to all-trans transition are represented by the RA spectra in Figure
the EG moiety is known to adopt the helical conformation. 3. A significant decrease of the peak intensities of the rocking,
We performed modeling of RA spectra of OEG-terminated wagging, and bending modes is observed when passing from
alkanethiols with helical OEG segmen&h and 3-h to helical to all-trans OEG-terminated SAMs. In addition, a very
investigate the differences in RA spectra accompanying the all- pronounced feature of the RA spectra in the fingerprint region
trans/helical transition. To trace the role of the alkyl segment, is the blue shift of the main OEG peak from 1114 cnfor
we calculated the vibrational spectra for two molecules with helical to 1144 cm! for all-trans? Our calculations place the
the same OEG portion but different alkanethiol chains, HSJGH  main peak at 1111 and 1140 chkfor 2-h and2-t, respectively,
and HS(CH)15. Model RA spectra of molecule-h and 3-h a shift of 29 cm? that correlates with the experimentally
are compared with experimental RA spectfain Figure 3b. measured difference of 30 crh! Such an excellent agreement
Since the OEG portions of molecul2sh and3-h are the same  between experimental and theoretical values strongly supports
and the mutual orientation of alkyl and OEG segments is rather our earlier interpretation of spectral changes observed under the
close for these two molecules (see Table 2), a comparison ofreported phase transitidn.
their vibrational spectra reveals the influence of the alkyl  4.4. Amide Absorption Peaks.As already mentioned, the
segment. Figure 3b shows that the alkyl modes contribute to amide Il vibration produces an intense peak in the RA spectra

TABLE 5: Calculated and Measured Vibrational Frequencies (in cnt) and Their Assignments for the Helical
OEG-Terminated Amide-linked Alkanethiols?

2-h calculated 2-h observef 3-h calculated 3-h observe#l assignment
947 964 947 964 Ckrocking and asym. €0—C stretching
1079 ~1050 1078 ~1050 CH rocking and asym. €0—C stretching
1111 1114 1111 1114 asym—©—C stretching
1214, 1227,1290 1243 1214, 1224, 1290 1243 2 @kisting
1223, 1233 1252 1223, 1239 1252 amide 111
1336 1349 1336 1349 Chivagging
1467 1464 1467 1464 Gtbending
1555 1553 1558 1552 amide I

aFrequencies of amide Il and amide Il vibrations are scaled by 10BXperimental data from ref 2.
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understood issues of the adsorption behavior and effects
associated with adsorbateubstrate and intermolecular interac-
tions within SAMs!® In the absence of more established
adsorption data and because of the existing controversy regard-
ing theoretical predictions of the sulfur adsorption sHe'$;23
the hexagonal structure seems to be most plausible for a zero-
order evaluation of lateral hydrogen bonding phenomena as well
as molecular orientation.

For the molecular orientations represented in Table 2, we
obtain the following distances between the amide hydrogen and

TDM the oxygen of the nearest-neighbor CONH group, 2.2 A2for
A\ C=0 and 2.6 A for2-h. Clearly, the predicted hydrogen bond length
* decreases when passing from the helical to the all-trans
Figure 4. Structure of amide group (CONH). Arrows indicate the conformation. The same tendency was revealed for the SAMs
directions of TDMs. consisting ofl-t and3-h molecules, where this distance equals

2.3 A for 1-t and 2.6 A for3-h, respectively. These estimates
suggest that the amide group possesses a more favorable
orientation for hydrogen bond formation in SAMs with the OEG
portion in the all-trans conformation. This observation is

) ! ) e consistent with recent experimental observations by Valiokas
and 2-t with those in the corresponding KBr transmission ot 52 \who suggested that favorable lateral hydrogen bonding
spectra® it was concluded that the corresponding TDM  conwributed to the formation of a stable all-trans structure of

components in they directions are very weak for a highl_y EGs SAMs at elevated temperaturesg0 °C. The calculated
oriented assembly. Thus, it is instructive to see how our optimal | 5/es of (scaled) frequencies of the amide Il peaR-imand
molecular orientation fully agrees with these experimental 5 5re 1555 and 1559 cm respectively. This means that the
observations. o o _calculated position of the amide Il peak is 4 chblue shifted
Our calculations suggest that the amide link is a rigid entity ;. the 2-t compound. Changes in the OEG and alkyl chain

and that its geometry is practically the same in all our |onqihg weakly influence the position of the peak; we obtained,
compounds. It was also found that the length and conformation respectively, 1557 and 1558 cinfor 1-t and 3-h. Thus, the

of the molecular chains linked by the amide group have litlle ,psereqd plue shift cannot be attributed to a conformational
effect on the mutual orientation of the amide TDMs. Moreover, change in the OEG segment but rather to a more favorable (from

the calculations show that TDdMy and TDMc—o are not  he noint of view of hydrogen bond formation) alignment of
parallel to their respective bonds, that is, thEDMc_n/ nearby amide links in the corresponding SAMs.
C—N ~ 20° and OTDMc=c/C=0 ~ 20° and they are not

parallel to the =C—N—H plane. As a consequence, the angle
OTDMc-n/TDMc=o turns out to be near 120that is, very
close tolJOCN; see Figure 4. These data can be explained by In this study we have examined by means of ab initio
the fact that the amide | (or 1) mode involves more complex modeling the structural properties of all-trans and helical OEG-
motion than just €0 (or C—N) stretching vibrations. For the  terminated and amide-linked alkanethiols on gold. The work is
molecular geometries and orientationslef3 obtained in our motivated and justified by the manifestations of these confor-
study, we found that the angles between TDM direction and mational states in recent studies of temperature-driven phase
substrate normal is ~10° (6y ~ 30°) for amide Il and~110° transitions of OEG-SAMs. Optimized molecular geometries and
(yc=o0 ~ 90°) for amide I. Hence, the orientation of TDMy relative orientation within the self-assemblies of compour€el3
leads to nearly maximal intensity of the amide Il peak, which on a Au(111) substrate have been deduced in a quantitative
agrees well with experimental results, and suggests also amanner from comparison of ab initio (DFT) modeled and
preferential orientation of TDWN-o parallel to the surface.  observed RA spectra. It is shown that a good consistency with
Notice that a better parallel alignment of TRM> along the known experimental data can be obtained if the alkyl CCC plane
substrate surface would result in a less favorable alignment ofis tilted by 6, = 26° and rotated byya (—65° to —58°)
TDMc-n with n and a substantial drop in amide Il intensity. depending on the choice of moleculés-3. These angles
4.5. Lateral Hydrogen Bonding. As it was first shown in demonstrate an impressive agreement between experimental and
ref 2, the observed amide Il peak shifts by 6 dnto higher modeled spectra in the fingerprint and amide regions. Such an
frequencies during the helix/all-trans conformational transition agreement favors the molecular orientation parameters (tilts and
in SAMs of HS(CH)1sCONH—EG;, that is, the transition from  rotations) proposed in our study and allows us to predict the
2-h to 2-t. The shift from 1553 cmt in 2-h to 1559 cnt in precise orientation of the alkyl and OEG portions within the
2-t was attributed to a strengthening of NHO=C hydrogen SAM. Distinctions between experimental RA spectra of all-
bonding in the all-trans conformation. To validate that conclu- trans and helical OEG SAMs appear in the same manner in
sion, we calculated the hydrogen bond lengths, which can bemodeled spectra, which gives additional proof for our earlier

of SAMs containing amide linkages (see ref 16 and references
therein). In contrast, the amide A and amide | vibrations are
practically invisible. Furthermore, from a comparison of the
amide Il peak intensity in SAM RA spectra of compourids

5. Conclusion

expected for the SAM consisting df-3. In the calculations, interpretation of spectral changes observed under the all-trans
we assume that the molecules are arranged in a hexagonato helical phase transitioh.
overlayer structure+(3 x +/3)R30 relative to the Au(111) For the predicted values of the azimuthal angles € —82°

substrat&22 with one molecule per unit cell. The postulated to —77°), we found that the spacing between the nearest-
overlayer structure corresponds to a suffaulfur spacing of neighbor amide groups in the all-trans and helical OEGs
~5 A. Models with more than one molecule per unit cell are (organized in a hexagonal overlayer structure) is consistent with
ruled out due to packing reasols.Of course, such an the experimentally observed variation in lateral hydrogen
assumption leaves out of consideration intriguing but poorly bonding between neighboring=€D and N—H groups. More-
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over, the calculated hydrogen bond lengths tend to decrease (6) Wang, R. L. C.; Kreuzer, H. J.; Grunze, ®hys. Chem. Chem.
under the helical to all-trans transition demonstrating a more Phys-2000 2, 3613.

favorable molecular orientation in the all-trans OEG SAMs. We ~ (7) Buck, M.Phys. Chem. Chem. Phy2003 5, 18. .

have verified this statement by modeling an assembly of OEG- C(ﬁéMalljyhsyse_viiétl.ébggrg%nlll(g,lfu., Onipko, A; Valiokas, R.; Liedberg,
termmat_ed amm!e-lmked alkanethiols by_m_e-ans of mok_ecular (9) Malysheva, L. Onipko, A.; Valiokas, R.; Liedberg, Bppl. Surf.
mechanics, starting from the proposed optimized geometries andsci. 2005 246, 372.

orientation parameters. The AMBER force field modeling of  (10) valiokas, R.; @tblom, M.; Svedhem, S.; Svensson, S. C. T.;
2-t and 2-h 16 x 16 clusters confirms the tendency of Liedberg, B.J. Phys. Chem. 2002 106 10401. o
strengthening of the hydrogen bonding in all-trans OEG SAMs. (él) V\ﬂ?ﬁ“NE- B\-{v Jfk-; ?Sg';‘s' J. C.; Cross, PMlecular Vibrations

A molecular mechanics study on the role of intermolecular and Cl;aWF; I'k.h EWN _OrA“’ D‘ L. Chem. Phys1992 96, 927
molecule-substrate interactions within OEG SAMs will be (12) Parikh, A. N.; Allara, D. LJ. Chem. Phys1992 96, 927.

. 13) Miyazawa, T.; Fukushima, K.; Ideguchi, ¥. Chem. Physl96
published separately. 37'(27)64_ Y 9 ysl962
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Acknowledgment. The authors thank the Swedish Research P. E.J. Phys. Chem. B998 102, 426.
Council (VR) and the Swedish Foundation for Strategic  (15) Pertsin, A. J.; Grunze, M.; Garbuzova, .JAPhys. Chem. B997,

Research (SSF), through the Biomimetic Materials Science 10? 4)918-| ’ ot "
; i 16) Valiokas, R.; Gtblom, M.; Svedhem, S.; Svensson, S. C. T,
program, for financial support. Liedberg, B.J. Phys. Chem. B00Q 104, 7565.

(17) Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y.-T.; Parikh

References and Notes A. N.;'Nuzzo, R. G.J. Am. Chem. S0d991, 113 7152.
(1) Valiokas, R.; Svedhem, S.; Svensson, S. C. T.; Liedberg, B. ~ (18) Vanderah, D. J.; Meuse, C. W.; Silin, V.; Plant, A.llangmuir
Langmuir1999 15, 3390. 1998 14, 6916.
~ (2) Vvaliokas, R.; Gtblom, M.; Svedhem, S.; Svensson, S. C. T (19) Schreiber, FProg. Surf. Sci200Q 65, 151.
Liedberg, B.J. Phys. Chem. 2001 105 5459. (20) Vanderah, D. J.; Pham, C. P.; Springer, S. K.; Silin, V.; Meuse, C.

(3) Harder, P.; Grunze, M.; Dahint, R.; Whitesides, G. M.; Laibinis, . Langmuir200Q 16, 6527.

P. E.J. Phys. Chem. B998 102 426. . . ; LB
. G (21) Sellers, H.; Ulman, A.; Shnidman, Y.; Eilers, J. E.Am. Chem
22&(4111)27Geul, S. P.; Tegenfeldt, J.; Lindgren, Ghem. Phys. Lett1994 S0c.1993 115, 9389.

(5) Jaffee, R. L.; Smith, G. D.; Yoon, D. Y. Phys. Chem1993 97, (22) Ulman, A.Chem. Re. 1996 96, 1533.

12745. (23) Fisher, D.; Curioni, A.; Andreoni, WLangmuir2003 19, 3567.



