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First-principle modeling is used to identify the most likely conformations of two molecular modules
A(EG)3,6 and A(EG)3,6CH2A (A = CONH, EG = (CH2)2O), which in self-assembled monolayers form,
respectively, one- and two-layered networks of hydrogen-bonded amides (HBAs). The molecular bond
lengths and angles within HBA chains, which are formed within ð
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identical modules, were calculated by exploiting the DFT/BP86/6-31G method. The results from our
first-principle conformation analysis highlight an integrated picture of hydrogen bonding in related
families of assemblies containing one and two amide groups per molecule, e.g., in HS–(CH2)nA(EG)mH
and HS–(CH2)nA(EG)mCH2A–(CH2)lH SAMs on gold.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Oligo(ethylene glycol)-containing self-assembled monolayers
(SAMs) on metal and isolating substrates have become a useful tool
in a variety of biotechnological/analytical and biomedical applica-
tions [1–4]. The fabrication of bio-interfaces with desired proper-
ties (e.g., those rendering them resistant against protein
absorption [5–8] and/or favoring tethering for specific binding of
proteins [9–11] and DNA [12]) require fundamental understanding
of self-assembly mechanisms, phase behavior, stability factors, and
interactions between different layers within complex self-assem-
blies. In the pioneering [5,6] and subsequent studies on SAM
protein resistance [7–11], the oligo(ethylene glycol) (OEG) compo-
nent (EG)n (EG„(CH2)2O) was linked to alkanethiol spacer
HSA(CH2)n „HSACn via oxygen (ether). Due to replacement of
ether by an amide group, HS–CmO(EG)nH ? HS–CmA(EG)nH,
crystallinity (especially important for molecules with alkanethiol
spacers), reproducibility, and stability of OEG containing SAMs
have been significantly improved [13–15]. The stabilizing and
ordering effects of amides buried in alkanethiol SAMs were first
noticed by Clegg and Hatchison [16]. They were attributed to the
lateral hydrogen bonding between neighboring amide groups that
improves the two-dimensional, crystal-like structure of alkane-
thiol-based self-assembled monolayers, see Refs. [16–24] and ref-
erences therein. It was also demonstrated that an increased
number of amide groups per SAM constituent results in forming
a three dimensional network of hydrogen bonds and hence, in even
more considerable improvements of SAM structure [18].

Following this route, the stabilizing ability of additional amide
bridges has been used to synthesize SAMs by chaining Cm, A, and
(EG)n building blocks [25–27]. The new family of self assemblies
of molecules HS–C15A(EG)6C1A–CmH, m = 1, 2, 8, 9, and 16 was
shown to possess an increased thermal stability and much stronger
and sharper features in the infrared reflection absorption (IR RA)
spectra as compared to the more conventional OEG-terminated
SAMs which have one amide group per constituent [13–15]. Note-
worthy, even samples with a very short upper alkyl layer m = 1
exhibited crystalline-like IR RA spectra. This observation strongly
supports the formation of additional ‘stabilizing’ hydrogen bonds
between the upper amide groups.

Heretofore, the hydrogen bonding networks observed in a vari-
ety of SAMs was mostly addressed in experimental studies. Recent
and probably the only first-principle modeling of monolayers sta-
bilized by buried amides describes a hexagonal periodic array of
HS–C3A(EG)3H molecules (h, see Scheme 1) [28]. The ab initio opti-
mized geometry of this structure has revealed typical changes of
the amide-related dihedrals, partial reorientation of alkyl and
OEG units within related SAMs [13–15] and a �0.6 Å reduction in
H� � �O distance, compared to the value obtained for the initial array
of non-interacting molecules.

In a sense, the above mentioned results have allowed us to ad-
dress the experiments on SAMs containing A(EG)6C1A modules
[27]. By using an optimized geometry of HS–C15A(EG)6C1A–CmH
molecule and steric considerations we have come to the conclusion
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Scheme 1. The notations for investigated molecules used in the text and figures.
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that a three-dimensional hydrogen bonding in the related SAMs
should consist of parallel chains of hydrogen bonded amides
(HBAs). The formation of such chains is possible due to the lower
and upper amide groups which are close to parallel. However, no
experimentally sound parameters of HBA chains could actually
be predicted at that level of modeling. All the more so, no conclu-
sions could be made regarding hydrogen bonding of A(EG)nC1A
modules with the length other than n = 6. Thus, the understanding
of the microscopic structure of hydrogen bonding leaves much to
be desired.

Varying the length of the SAM molecular constituents, in partic-
ular the OEG length provides an Å-precision in positioning of
chemical groups across SAM interfaces. Depending on the particu-
lar purpose, the use of either shorter or longer OEG portions may
be of advantage. For instance, tri(ethylene glycol) thiol derivatives
with a short alkyl spacer have been used as a bio-inert molecular
‘resist’ for scanning probe nanolithography on gold [29]. Monolay-
ers of longer OEGs without alkyls were used for quartz crystal
microbalance with dissipation monitoring (QCM-D) sensing [30].

Keeping in mind aforementioned, we have undertaken a com-
parative ab initio study of one- and two-layered hydrogen bonding
networks within hexagonal periodic arrays comprised of molecules
HC1–A(EG)3,6H (hð1Þ3;6) and HC1–A(EG)3,6C1A–C1H (hð2Þ3;6), where the
OEG portion adopts the helical conformation (Figures 1 and 2). This
modeling enabled us to trace the effect of hydrogen bonding on the
structure and orientation of amide and OEG units, and to specify
parameters of hydrogen bonded amides within the OEG-termi-
nated amide-bridged SAMs. To shed some light on the role of the
supporting alkyl layer, the structure of array hð1Þ3 is compared with
already reported [28] and new data obtained for array h.
2. Calculation essentials

Various computation methods are used to study organic SAMs
at the microscopic level. In particular, these are molecular mechan-
ics/dynamics methods [31,32], Monte Carlo [33], and ab initio
methods [23,24,26–28,34]. Unlike the force field description which
is based on the experimental data and/or ab initio calculations for
the corresponding class of molecules, DFT gives the sufficiently
accurate reproduction of SAM interior from the first principle and
at reasonable computational effort. All calculations in the present
work were carried out by using the DFT methods with the help
of the GAUSSIAN 03 and GAUSSIAN 09 sets of codes. The basis set 6-
31G and the combination of Becke-exchange- and Perdew 86
correlation functional (BP86) were exploited as the main tool.
Optimization of model SAMs was performed for the molecular ar-
rays subjected to the periodic boundary conditions (PBC).

There is a considerable controversy in theoretical predictions
regarding the exact position of sulfur adsorption sites within SAMs
[1,35]. However, it is certainly reasonable to assume that they form
a ð
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tween the nearest neighbor S atoms is kept fixed by the supporting
Au (111) surface. Therefore, the hexagonal structure of model
SAMs seems to be most appropriate for a zero-order description
of lateral hydrogen bonding network in real SAMs. The optimiza-
tion of two dimensional periodic array geometries was thus per-
formed with fixed translation vectors. These were chosen to be
[500] and [2.54.330] (in Å). At the same time, all the bonds, bond
angles, dihedral angles, as well as all orientation angles were free
to change. The effects associated with adsorbate–substrate interac-
tion within SAMs [1] are beyond of the present consideration.

The choice of initial molecular geometry and orientation is cru-
cial for this kind of modeling. For periodic arrays h and hð1;2Þ3;6 it was
obtained by the replacement of HS–C15 with HS–C3 in molecule
M1 = HS–C15A(EG)6H, and with HC1 in molecule M2 = HS–C15-

A(EG)6C1A–C1H. Thereby, we preserved the values of Euler angles
(hE, wE, uE), which were calculated for the equilibrium geometry of
these molecules. Whenever necessary, the initial-angle values were
corrected to fit the required orientation of C@O and N–H bonds.
According to the experimental data [19], these bonds are nearly per-
pendicular to z axis, (the substrate normal) whereas the C–N bond
has an appreciable z-projection. This implies that no or very weak
spectral signatures of the amide A and amide I vibrations at �3300
and�1650 cm�1 can be seen in the IR RA spectra (the surface selec-
tion rule). Instead, the dominating feature is the amide II band at
�1550 cm�1, whereas amide III band at �1250 cm�1 has a smaller
but detectable intensity. We notice that in OEG containing SAMs
with buried amides, the signature of amide III vibrations is masked
by CH2 twisting vibrations [13,25,26].The molecular orientation
within SAMs in focus has been discussed earlier [26,34]. Based on
the ab initio modeling of IR RA spectroscopy data for SAMs of M1
[34] and M2 [27], the tilt and rotation angles of the supporting alkyl
chain are hC15 � 20—25� and wC15

� �60�. Most likely, these angles
do not differ much in SAMs containing one and two amide groups
per molecule [27]. At the given angles hC15 and wC15

, the choice of trial
azimuth angle uC15

was dictated by the minimal H� � �O distance be-
tween the hydrogen and oxygen atoms which belong to the nearest-
neighbor amide groups. For an array of free-standing molecules
formed by pinning sulfur atoms to the Au (111) surface, this dis-
tance falls into the range of 2.5–3 Å. The values hC15 , wC15

, and uC15

fully determine Euler angles of OEG (hE, wE, uE), amide (hN, wN,



Figure 1. Upper part: molecular geometry and orientation within arrays hð1Þ3;6 before (on the left of each pair of molecules) and after optimization. Mid part: schematic
representation of the 3 � 3 fragments of the corresponding optimized arrays hð1Þ3;6 in conformations I and II. For clarity of presentation, we explicitly show only the amide
groups. Thin bars replace the groups HC1– and are oriented along C1–A bonds, while thick bars replace the groups –(EG)3,6H and are oriented along OEG axis. The first C atoms
in the arrays form a ð
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Þ R30� lattice duplicating the S-atom lattice (dark yellow spheres). Lower part: typical characteristic angles and H� � �O length of hydrogen

bonded amides (HBAs); these are weakly dependent on OEG length. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Figure 2. Same data as in Figure 1 but for arrays hð2Þ3;6. Thick mid bars and thin uppers represent, respectively –(EG)3,6C1 and –C1H; lower and upper thin bars show orientation
of C1–A and A–C1 bonds.
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uN), as well as angles between the substrate normal z and bonds C @
O (cC@O) and N–H (cN–H), Tables 1 and 2.
The optimized geometries of the arrays of molecules M1 and
M2 were obtained with the help of BP86/6-31G method. In
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addition, some conformations of array hð2Þ3 were re-optimized with
6-31G* basis set. However, no significant difference between 6-
31G and 6-31G* calculations has been revealed. To be specific,
for hð2Þ3 array, the maximal difference in dihedral angles is less than
3�, while the bond angles, bond lengths and parameters of HBA
chains are practically the same. For hð1;2Þ6 arrays, the time of calcu-
lations was substantially reduced by using the density fitting
approximation [36]. The array geometry obtained in this way
was re-optimized afterwards according to the standard routine.
Nevertheless, this modeling (run on two PCs provided by the SI
grant) turned out to be memory- and time consuming.
3. Results and discussion

As mentioned above, the best fit of molecules M2 arranged in a
ð
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p
Þ R30� hexagonal lattice implies a spacing of�2.5–3 Å be-

tween the amide proton and the nearest-neighbor carbonyl oxygen
atom. In the initial geometry of h array, this distance is �2.5 Å [28].
So, the reduction to the typical H� � �O distance �1.9 Å in arrays hð2Þ3;6

requires more considerable changes of amide and OEG dihedrals
than it is needed to establish hydrogen bonds in the h array. At first
glance, such an adjustment to the equilibrium SAM geometry
might even seem impossible. However, our modeling has demon-
strated that (as a reflection of inherent flexibility of ethylene gly-
cols) the multi-dimensional configuration space of SAM geometry
suggests a large number of close energy minima associated with
the formation of HBA chains. In other words, even a single mini-
mum that corresponds to the equilibrium of an isolated molecule
can give rise to several in-SAM molecular geometries with a large
energy gain, provided the hydrogen bonding is established. Further
analysis of possible array conformations has identified only two
conformers of A(EG)6C1A module as such which are likely to be
realized within SAMs studied experimentally [25–27]. The forth-
coming exemplifies what has been just stated.

The isolated molecules tried in this modeling have optimized
conformations with a unique value of CNCC dihedral, sCNCC �
�90�. For comparison, in molecules M1 and M2, this angle equals
�105� and �96�, respectively. Following the calculation scheme
described above, we have arrived at array geometries with two dif-
ferent molecular conformations having a smaller and larger |sCNCC|.
More precisely, the molecules in the array environment adopt
sCNCC � �80� in conformation I, and sCNCC � �115� in conformation
II, Table 1. In the first trial, conformation II was obtained for arrays
hð1Þ3 and h, and conformation I – for the rest of arrays. Thereafter,
the optimization was carried out for the initial geometry of arrays
hð1Þ3 and h in conformation I, and for the rest of arrays in conforma-
Table 1
DFT optimized Euler and amide-related dihedral angles (in grades) within hexagonal period
Euler angles see Ref. [34].

Array hE, wE, uE hN, wN, uN

hð2Þ6 I||
4, 37, �129 (�49, 41, �26)/(�54, �45, 31)

II< 11, �2, �152 (�43, �11, 9)/(�54, �45, �29)

hð1Þ6 I 4, 32, �124 �48, 40, �25

II 11, 0, �153 �43, �11, 8

hð2Þ3 I||
4, 63, �154 (�49, 42, �26)/(�60, 45, �23)

I< 3, 17, �107 (�48, 41, �25)/(�57, �50, �30)

hð1Þ3 I 8, 60, �117 �52, 46, �28

II 13, 29, �180 �43, �11, 9
h I 11, 57, �163 �47, 32, �22
IIa 13, 25, �175 �42, �4, 5

Notations: hX,wX,uX – Euler angles of OEG (X = E) and amide group (X = N), angles for low
OCCO group; sCNCC and sOCCN denote CNCC and OCCN dihedrals, respectively.

a [28].
tion II. Similar optimization cycles were repeated many times with
a variety of initial geometries.As a result, we have found that arrays
hð2Þ3;6 can adopt several conformations, distinguishable by the dihe-
dral angle sOCCN referring to the upper amide. This angle is depen-
dent on the OEG length and equals, according to labeling in
Figure 2, I|| = �205�, I< = �157� (hð2Þ3 ), I|| = �98�, II< = �99� (hð2Þ6 ).
These are just a few examples from a list of possible array geome-
tries, where hydrogen bond networks have very similar parameters
of HBA chains.

Some of the optimized array geometries have been classified as
artifacts by the examination of characteristic dihedral angles (sCNCC

and sOCCN) and Euler angles. These parameters determine the
observed thickness of self assemblies of HS–C15A(EG)6C1A–CnH
molecules [27]. We have found several optimized array conforma-
tions which suggest a non-realistically small SAM thickness. These
have been eliminated from further consideration.Table 1 indicates
that the optimized geometries I and II with different values of dihe-
dral angle sCNCC (lower amide) have different molecular orienta-
tions. Furthermore, the interrelation between the adopted
conformational state, I or II, and the angle between the upper
and lower HBA chains is not the same in arrays hð2Þ3 and hð2Þ6 . This
angle takes zero value (parallel HBA chains) when both arrays
adopt conformation I|| with nearly the same dihedral sCNCC = �78�
(hð2Þ3 ) and �79� (hð2Þ6 ), but over 100� difference in values of dihedral
sOCCN. In contrast, the array geometry with HBA chains crossed at
60� corresponds to conformation I< of array hð2Þ3 (sCNCC = �77�,
sOCCN = �157�), and to conformation II< of array hð2Þ6 (sCNCC = �117�,
sOCCN = �99�).

Table 2 and Figure 3 provide compelling proofs of the formation
of hydrogen bonds which interlink A(EG)6C1A modules and yield
exhaustive information about HBA chains � � �@O� � �H–N–
C@O� � �H� � � piercing the array in lateral direction at two levels.
The lengths of hydrogen bonds of lower and upper HBA chains
show small variations (actually, negligible within measurement
accuracy). All other parameters of these chains are also marginally
different. Angles \(H� � �O,H� � �O) = 15� and 65� are well seen in Fig-
ure 3, representing the top view of array hð2Þ6 in conformations I||

and II<.
Comparing array hð2Þ6 with hð1Þ6 and hð1;2Þ3 , one can notice only

minor differences in HBA parameters, which are weakly dependent
on the adopted conformation. At the same time, the amide orienta-
tion shows a substantial dependence on the conformation state.
Also, the OEG orientation depends on the adopted conformational
state, OEG length, and on the presence or absence of supporting
alkanethiol layer. In particular, the latter can change the CNCC
dihedral angle (�79� ? �104�, Table 1) resulting in a considerable
reorientation of OEG chain.
ic arrays hð1Þ3;6, hð2Þ3;6, and h in different conformational states. For a detailed definition of

sl su sCNCC sOCCN

80 69 �79 �98

75 70 �116 �98
76 73 �77

75 69 �116
80 81 �78 �205

81 76 �78 �157
73 68 �79

76 72 �115
72 68 �104
77 72 �114

er (l) and upper (u) amides are slashed as l/u; sl(u) – dihedral angle of lower (upper)



Table 2
DFT calculated parameters of one- and two-layer networks of hydrogen bonding in model SAMs with buried amide-OEG (hð1Þ3;6, h) and amide-OEG-amide (hð2Þ3;6) modules.

Notation Optimized values

hð2Þ6 hð1Þ6 hð2Þ3 hð1Þ3
h

I|| II< I II I|| I< I II I II

cC@O 83/81 81/81 83 81 83/76 83/80 82 81 82 81
cC–N („hN) �49/�54 �43/�54 �48 �43 �49/�60 �48/�57 �52 �43 �47 �42
cN–H 101/103 103/103 101 103 101/108 101/104 102 103 102 103
c H� � �O 73/79 73/79 73 73 73/89 73/81 76 73 74 72
\(N–H� � �O) 173/176 177/176 173 177 173/157 173/174 174 177 176 175
\(H� � �O,H� � �O) 15 65 – 17 68 – –
d(H� � �O), Å 1.90/1.85 1.89/1.86 1.90 1.89 1.90/1.76 1.90/1.81 1.85 1.89 1.90 1.91
DEtot, kcal/mol 33.3 33.8 24.3 24.2 31.3 32.8 20.2 18.4 20.0 18.6

Notations: cX–Y – angle between z axis bond XAY@C@O, C–N, N–H; \(N–H� � �O) – angle between N–H and H� � �O bonds within HBA chains; \(H� � �O,H� � �O) angle between
H� � �O bonds of lower and upper HBA chains; d(H� � �O) – length of hydrogen bonds. Values of cX–Y� \(N–H� � �O), and d(H� � �O) for the lower and upper HBAs are slashed as l/u;
DEtot – difference between the energy per molecule in the optimized array and the SCF energy value of isolated molecule with the same geometry.

Figure 3. Top view of a 3 � 3 fragment of array hð2Þ6 in different conformations (upper panels) and corresponding networks of hydrogen bonding with parallel and crossed
HBA chains (lower panels). Lower (upper) H� � �O bonds are shown in red (black). Circles surround the lower and upper amide groups of the central molecule in the fragment.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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It is noteworthy that the single-molecule modeling does not
predict the formation of hydrogen bonding network with crossed
HBA chains in SAMs containing module A(EG)6C1A. This is prede-
termined by the orientation of the upper and lower amide
groups in the optimized geometry of molecule M2. When pass-
ing from conformation state I to II in array hð2Þ6 , the upper
H� � �O bond turns clockwise giving conformation II<, for which
the angle between upper and lower chains equals 60�. Our
observations regarding arrays of A(EG)3C1A modules are quite
different. In this case, a similar single molecule modeling does
not tell us which of possible angles between the upper and low-
er HBA chains is preferable. Ab initio calculations has shown that
the parallel, as well as crossed under ±60� orientation is nearly
equally probable. Represented in Table 1 conformation I< of
hð2Þ3 corresponds to 60� clockwise turn of the upper HBA chain
with respect to the lower.

In the hydrogen bonding networks with parallel and crossed
HBA chains, each module A(EG)6C1A is linked with respectively
two and four nearest neighbors by double and single hydrogen
bonds. This implies different deformation properties and very
likely, an improved stability of SAMs with crossed HBA chains.
4. Conclusion

We have identified the optimized geometries of ð
ffiffiffi

3
p
�
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3
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Þ R30�

hexagonal periodic arrays of OEG- and amide-containing molecular
modules which can form one- and two-layered hydrogen-bonding
networks in the respective families of SAMs. The networks are
quantified in terms of bond–bond and bond–z-axis angles, as well
as amide and OEG-related dihedral angles. The characteristic an-
gles cC@O, cN–H and cC–N which determine the apparent intensity
of amide I, III, and II bands, are shown to be �80�, �100� and
�45–60�, respectively. These angles ensure the dominance of the
amide II band in the IR RA spectra for SAMs on metal surfaces.

Our modeling shows that the formation of a two-layered hydro-
gen-bonding network due to the presence of the A(EG)3,6C1A
modules requires far more radical changes of the molecular confor-
mation and orientation, than for SAMs containing A(EG)3,6 modules
with only one amide group. The conformation and orientation
changes are expected to be substantially different for SAMs with
shorter and longer OEG portions. In contrast, parameters of hydro-
gen-bonded amides within arrays of A(EG)3C1A and A(EG)6C1A are
shown to be nearly the same, demonstrating a surprising ability of
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oligo(ethylene glycols) to adopt a suitable conformation which to a
large extent is dictated by the formation of three dimensional net-
work of hydrogen bonds. The calculated energy gain associated with
hydrogen bonding is�10 kcal/mol per amide group. This value cor-
relates very well with the difference in total energy DEtot between
the isolated and aggregated array constituents. Importantly, DEtot

substantially exceeds the typical calculation error. However, a really
accurate estimate of this energy requires a much larger basis set.

Summarizing, the performed ab initio modeling shows that OEG
SAMs containing two amide groups per molecular constituent can
be found in the state with either parallel or crossed at 60� chains of
hydrogen-bonded amides. A somewhat lower than doubled inten-
sity of amide bands observed in IRAS experiments [26,27] indicates
the dominance of the parallel configuration of hydrogen bonding
with a small admixture of domains where HBA chains in the differ-
ent layers are not parallel. Here, the two types of hydrogen bonding
networks have received a detailed quantitative description which
improves the understanding of SAM structure and vibration spec-
troscopy data.
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