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A  new  oligoethylene  gylcol-
terminated  perfluorinated  silane
was synthesized.
The  hybrid  silane  self-assemblies  on
silica  surfaces  to form  mono-  or  mul-
tilayers.
The  molecular-scale  order  in  films
depends on  the topography  of the
substrate.
Slow  kinetics  of the  silane  lattice
polymerization  result  in  a  monolayer
formation.
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a  b  s  t r  a  c  t

Monolayers  of  a new  hybrid  compound  having  two  linearly  coupled  subunits  with different  func-
tionalities  were  prepared  on  the  silicon  oxide  and  silicate-like  surfaces  using  trichlorosilane  as  an
anchoring  group.  The  two subunits  of the hybrid  compound  are  a perfluorinated  alkyl  chain  and  an
oligoethylene  glycol  chain.  The  synthesis  of the  new precursor  compound,  O-methyl  hexaethylene
glycol-icosafluorododecandiol-trichlorosilane  is  reported  starting  from  commercially  available  triethy-
lene glycol  and perfluorododecan-1,12-diol  as building  blocks.  The  final  and intermediate  products  were
characterized  by  nuclear  magnetic  resonance  (1H  NMR, 13C  NMR, 19F  NMR  and 29Si NMR),  infrared  spec-
troscopy  (IR)  and  high  resolution  mass  spectrometry  with  chemical  ionization  [HRMS  (CI)].  The new
compound  was self-assembled  on  borosilicate  glass,  surface-oxidized  silicon  and  silicon  oxide  surfaces.
erfluorinated silane
ybrid molecule
canning force microscopy

Properties  of the  self-assembled  films  as a  function  of the  adsorption  time  were  studied  using con-
tact  angle  measurements,  X-ray  photoelectron  spectroscopy,  polarization  modulation  infrared  reflection
absorption  spectroscopy  and  scanning  force  microscopy.  The  adsorption  of  the  hybrid  silane  on  an  atomi-

cally flat  silica  surface  lead to  the  formation  of poorly  defined  multilayer  films.  By  contrast,  the  adsorption

of  the  silane  onto  a less-ordere
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Scheme 1. Schematic representation of various SAM systems: (A) a monolayer
with one functional group (FG), (B) patterned monolayer containing two kinds of
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ompounds with two FG at different regions, (C) sequential build-up monolayer con-
aining two compounds with two FG and (D) monolayer formed from one molecule
ontaining two FG.

. Introduction

Modification of technologically interesting surfaces by self-
ssembled monolayers (SAM) represents one important strategy
o form chemically well-defined surfaces exhibiting a particular
hemical functionality (Scheme 1A). Several reviews are avail-
ble for such modifications exploiting different chemistries on a
umber of different substrate surfaces [1–6]. SAMs with more
han one functional subunit have been created as patterned

onolayers. Such layers expose different functional moieties at
ifferent regions of the surface (Scheme 1B). These patterns can
e obtained by introducing sequentially two kinds of SAM-forming
olecules, for instance by microcontact printing and backfilling

7], local removal-refilling procedures [8,9], local transformation
f functional groups of a preformed monolayer [10,11], or by for-
ation/modification of monolayers on pre-patterned and locally

ddressable substrates [12]. Linearly arranged functional groups
ay  result from sequential build-up of complex surface archi-

ectues; i.e. an initially formed reactive surface is chemically

odified to obtain a more complex interfacial structure [13]. Typ-

cally, the desired function is provided by the functional unit
dded last to the interfacial system while the other functional
roups become linking units (Scheme 1C), for instance, a SAM of
icochem. Eng. Aspects 449 (2014) 31–41

triazol-linked monolayer produced via copper-catalyzed Huisgen-
1,3-dipolar azide-alkyne cycloaddition (so called “Click reaction”)
[14]. Another approach uses the formation of SAMs from molecules
containing two (or more) functional groups as shown in Scheme 1D.
While molecules containing different functional groups with pre-
cisely designed properties are highly required for modification of
complex surfaces, the synthesis of such systems as well as the
adsorption process tend to be complicated due to possible reactivi-
ties between individual building blocks (anchor group and multiple
functional groups). In this paper we report film properties of a new
hybrid compound containing two  functional groups (Scheme 1D).
The hybrid compound contains a methoxy terminated hexaoli-
goethylene glycol (OEG) unit connected to a perfluorinated alkyl
chain anchoring via a trichlorosilane group to the silica surface.
The silane chemistry is used to chemisorb the molecule to glass
and different silicon oxide (SiOx) surfaces.

Devices fabricated of glass, silicon oxides and silicon nitrides-
coated silicon surfaces find numerous applications as implant and
biosensor materials [15,16], “lab-on-chips” and microfluidic chips
[17,18] and assays platforms for peptide synthesis [19]. Silica
nanoparticles are tested as possible drug delivery vehicles [20] or
superhydropobic surface coatings [21]. In those applications, poly-
mers are alternatives to glass and silica material of choice. Despite
high costs, glass and silicon oxide remain the most favorable mate-
rials due to reproducible fabrication protocols, well understood
surface chemistry and biocompatibility [17,18]. However, a non-
specific adsorption of proteins as well as cell adhesion (so-called
biofouling) may  interfere with device performance. Chemisorp-
tion of silanes on glass and silica surfaces provides enormous
possibilities of surface modifications aiming at tuning the surface
properties of a device [17,22–24]. Surface modifications of glass
and silicon oxide surfaces preventing non-specific protein adsorp-
tion and biofouling are of large importance for application. For this
purpose protein films, polymer coatings [22,23], self-assembled
monolayers [24,25] of small amphiphilic molecules and large
polymer molecules [26] are commonly used. Molecules contain-
ing oligoethylene glycol (OEG) or polyethylene glycol (PEG) units
provide the most frequently used coating preventing biofouling
[22]. Various modifications or OEG units were tested to allow their
chemisorption on gold, silver [27], glass, SiOx [28,29], indium tin
oxide (ITO) [30], oxidized silicon [31] or silicon nitride [32] surfaces.

A perfluorocarbon chain, the second functional group in the new
molecule reported here, has good biocompatibility, is lipophobic
and shows a high chemical and biological inertness [33,34]. A
H-terminated Si(1 1 1) surface modified by a SAM of perfluorinated
alkyl chains [35] has significantly reduced friction and adhesion
properties. Gentilini et al. [36,37] synthesized an OEG-terminated
perfluorinated thiol to passivate Au-nanoparticles. The introduc-
tion of a perfluorocarbon chain to the OEG subunit offers new
possibilities of the surface modification, which may find numerous
biotechnological applications. The particular challenge for the syn-
thesis of hybrid compounds containing a perfluorocarbon chain is
due to the strong electron-withdrawing effect of the F atom on the
adjacent C atom, making classical nucleophilic substitutions very
difficult. In this paper, we report for the first time in the literature
the synthesis of a new silane analogue of the thiol reported by
Gentilini et al. [36,37] and the formation of monolayers on oxidic
surfaces.

2. Materials and methods
2.1. Materials

1H,1H,12H,12H-perfluorododecane-1,12-diol (5) (Alfa Aesar,
Karlsruhe, Germany) and dichloromethane (99.9% extra dry,
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is depicted in Scheme 2 and started from commercially available tri-
ethylene glycol monomethyl ether (1). It will be discussed in detail
in the next section.
F. Meiners et al. / Colloids and Surfaces A

cros Organics, Nidderau, Germany) were used as received.
ll other starting materials and solvents were purchased from
igma–Aldrich (Steinheim, Germany) as commercial grade and
sed as received. Preparative column chromatography was car-
ied out using SiO2 (35–70 �m,  type 60 A; Merck, Darmstadt,
ermany). TLC was performed on aluminum plates coated with
iO2 F254 (Merck). Air-oxidized silicon wafers (Si/SiOx) with a
000 nm SiO2-layer on a silicon wafer, Borofloat®33 (BF33) glass
afer, and gold substrates coated with a 10 nm thick layer of

hemical vapor deposited silicon oxide (Au/SiOx) were obtained
rom iX factory (Dortmund, Germany). Silica coating on an oxi-
ized silicon wafer and glass (BF33) were used in order to compare
he process of chemisorption of synthesized silicates at pure
iO2 and disordered glass surfaces. Both surfaces have compa-
able surface roughness and they are flat at the atomic level.
u/SiOx samples were fabricated according to earlier described
rocedures [38,39] in order to provide a mirror surface for
olarization modulation infrared reflection absorption (PM IRRA)
pectroscopy and a thin SiOx layer for the attachment of the
ilanes. The surface roughness of Au/SiOx surface is close to
.0 nm and is higher than the surface roughness of the two other
aterials.

.2. Instrumentation

Nuclear magnetic resonance spectra were obtained in CDCl3
t 23 ◦C with a Bruker Avance DRX 500 instrument (500 MHz
or 1H, 125 MHz  for 13C, 470 MHz  for 19F, and 100 MHz  for
9Si). Multiplicities of carbon signals were determined with
istorsionless enhancement by polarization transfer (DEPT) exper-

ments. Infrared spectra were recorded on a Bruker Tensor 27
pectrometer equipped with a “GoldenGate” diamond attenu-
ted total reflection (ATR) unit. High resolution mass spectra
HRMS) were obtained with a Finnigan MAT  95 (CI) spectrome-
er.

The static water contact angle was measured by the sessile drop
ethod using 2 �L drops of deionized water with the contact angle

ystem OCA 15plus (DataPhysics, Filderstadt, Germany) equipped
ith a CCD camera and the SCA20 software (version 1.0.0). The

uoted values are the average of three measurements on different
reshly modified and cleaned samples of Au/SiOx and BF33 glass
afers.

Modified Si/SiOx and BF33 surfaces were cleaned as described
n Section 2.3.3 and imaged by scanning force microscopy (SFM)
n the Tapping modeTM using a Nanoscope IIIA controller, a
imension 3100 sample stage and scanner and a TESP tip with a
ominal force constant of 42 N m−1 (all Veeco Instruments Inc.,
lainview, NY, USA). The measurement of the modified Au/SiOx

urfaces were obtained in the contact mode in water using an
nviroscope with a Enviroscope controller (all Veeco Instruments
nc., Plainview, NY, USA) and a MSCT tip with a nominal force
onstant of 0.03 N m−1 and a resonant frequency of 10–20 kHz
Bruker Corporation, Billerica, MA,  USA). Images of 256 × 256
ixel within 1 �m × 1 �m and 5 �m × 5 �m areas were recorded
ith a scan rate of 1 Hz. Images are shown after background

ubtraction (“Flattening”) using a first order polynomial using
he Nanoscope software (V5.30r3sr3). Root mean square (RMS)
alues were determined with this software on a 5 �m × 5 �m
egion.

X-ray photoelectron (XP) spectra (XPS) were recorded using
 PHI 5600ci multitechnique spectrometer (Physical Electron-
cs, Chanhassen, MN,  USA) with monochromatic Al K� radiation

h� = 1486.6 eV) of 0.3 eV FWHM bandwidth. The pass energy of
he monochromator was set to 29 eV for the high-resolution
pectra yielding a resolution of 0.44 eV. All spectra were
btained using a 400 �m diameter analysis area. During the
icochem. Eng. Aspects 449 (2014) 31–41 33

measurements, the pressure in the main chamber was kept at
about 10−9 mbar. The spectra were referenced to the Si 2p peak
of SiO2 centered at 103.3 eV [40]. Spectra were analyzed using
the XPSPeak software (version 4.1). Measured XP spectra are
shown as filled circles, the background and the spectral compo-
nents are thin solid line and the fitted spectrum is a thick solid
line.

PM IRRA spectra were measured with a Vertex 70 spectrome-
ter and an external reflection setup (Bruker, Ettlingen, Germany)
containing a photoelastic modulator (PEM) PMA  50 (Hinds Instru-
ments, Hillsboro, OR, USA). The resolution of the recorded spectra
was 4 cm−1. The half-wave retardation (i.e. the maximum PEM effi-
ciency) was set at 2900 cm−1 for the analysis of the CH-stretching
modes and at 1100 cm−1 for the analysis of the SiO2 and CF2 stretch-
ing modes. The incident angle was  80◦. The spectra were Min/Max
normalized using the OPUS software (version 5.5, Bruker). This
method scales the intensity values that the minimum is set to zero
absorption units and the maximum intensity to two  absorption
units.

2.3. Procedures

The synthesis of compound 7, the precursor for SAM formation,
Scheme 2. Preparation of monolayer-precursor 7. Reagents and conditions: (a) 2
equiv. TosCl, 2 equiv. NEt3, CH2Cl2, 23 ◦C, 2.5 h (for 1) or 18 h (for 3); (b) 5.3 equiv.
triethylene glycol, 3.1 equiv. KOH, 100 ◦C, 18 h; (c) 2 equiv. HOCH2(CF2)10CH2OH (5),
1.4 equiv. NaH, THF, 23 ◦C, 45 min; then adding tosylate 4, 80 ◦C, 4 h; (d) xs. SiCl4,
70 ◦C, 1 h; then high vacuum. Tos = 4-MeC6H4SO2.
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.3.1. Preparation of
2,22,23,23,24,24,25,25,26,26,27,27,28,28,29,29,30,30,31,31-
cosafluoro-2,5,8,11,14,17,20-heptoxadotriacontan-32-ol
6)

NaH (60% dispersion in mineral oil, 102 mg,  2.55 mmol) was
dded under exclusion of air and moisture (N2 atmosphere) to a
olution of perfluorodiol (5; 2.00 g, 3.56 mmol) in abs. THF (30 mL)
nd the resulting suspension was stirred for 45 min  at ambient tem-
erature. Then tosylate (4; 0.80 g, 1.78 mmol) was added and the
ixture further heated to reflux for 4 h. It was then diluted with

H2Cl2 (30 mL)  and brine (30 mL)  and the layers were separated.
he organic layer was washed with H2O (20 mL)  and the combined
queous phases was reextracted twice with CH2Cl2 (2 mL  × 20 mL).
he combined organic layers were dried (MgSO4) and evaporated
fter filtration. The residue was submitted to column chromatog-
aphy [SiO2, EtOAc/MeOH 19: 1 (v/v)]. The first fraction (Rf = 0.78)
ontained diol 5 (630 mg,  1.12 mmol, 31%) as a colorless solid. Sec-
ndly, the title compound (6; 878 mg,  1.04 mmol, 59%; Rf = 0.47,
olorless oil) was eluted. 1H NMR  (500 MHz, CDCl3): ı = 3.34 (s, 3
), 3.49–3.53 (m,  2 H), 3.58–3.66 (m,  20 H), 3.73–3.76 (m,  2 H),
.95–4.07 (m,  4 H) ppm. 13C{1H} NMR  (125 MHz, CDCl3): ı = 58.80
CH3), 60.17 (t, J = 25.1 Hz, CF2CH2), 68.20 (t, J = 25.3 Hz, CF2CH2),
0.36 (CH2), 70.44 (3 CH2), 70.45 (3 CH2), 70.47 (CH2), 70.53 (CH2),
0.61 (CH2), 71.82 (CH2), 72.22 (CH2), 108.03–109.51 (m,  2 CF2),
10.44–111.64 (m,  4 CF2), 112.43–114.11 (m,  2 CF2), 115.17–116.19
m,  CF2), 117.28–118.15 (m,  CF2) ppm. 19F{1H} NMR  (470 MHz,
DCl3): ı = (–123.57)–(–123.32) (m,  4 F), (–122.32)–(–122.16) (m,

 F), (–122.05)–(–121.84) (m,  4 F), (–121.84)–(–121.54) (m,  8 F),
–119.79)–(–119.62) (m,  2 F) ppm. IR (ATR): �−1 = 3406 (w,  br.),
877 (w, br.), 1456 (w), 1351 (w), 1200 (s), 1135 (vs), 943 (m), 850
m), 708 (m), 653 (m)  cm−1. HRMS (CI, isobutane): calcd. 841.1856
for C25H33F20O8); found 841.1861 [M + H+]. C25H32F20O8 (840.48).

.3.2. Preparation of
,1,1-trichloro-4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,13,13-
cosafluoro-2,15,18,21,24,27,30,33-octoxa-1-silatetriacontane
7)

While cooling with an ice-water bath, alcohol (6; 105 mg,
.12 mmol) was added under exclusion of air and moisture (N2
tmosphere) to SiCl4 (1.5 mL,  13.1 mmol). The resulting mixture
as stirred for 1 h at 70 ◦C. Then all volatile materials (HCl and

iCl4) were removed in high vacuum to yield a colorless oil, which
onsisted of 67% of compound 7 and 33% of byproduct 8 (molar
ractions according to integration of the 1H NMR  spectrum). In
rder to obtain a stock solution for monolayer formation, the
aterial was dissolved in abs. CH2Cl2 (c = 0.1 mol/L). Compound

: 1H NMR  (500 MHz, CDCl3): ı = 3.36 (s, 3 H), 3.51–3.54 (m,  2
), 3.60–3.67 (m,  20 H), 3.74–3.78 (m,  2 H), 4.02 (t, J = 14.0 Hz, 2
), 4.40 (t, J = 12.9 Hz, 2 H) ppm. 13C{1H} NMR  (125 MHz, CDCl3):

 = 58.93 (CH3), 62.29 (t, J = 28.6 Hz; CH2), 68.31 (t, J = 25.3 Hz; CH2),
0.51 (CH2), 70.58 (5 CH2), 70.60 (CH2), 70.61 (CH2), 70.67 (CH2),
0.74 (CH2), 71.94 (CH2), 72.31 (CH2), 108.27–109.73 (m,  2 CF2),
10.20–111.76 (m,  4 CF2), 112.54–114.39 (m,  2 CF2), 115.25–116.36
m,  CF2), 117.37–118.17 (m,  CF2) ppm. 19F{1H} NMR  (470 MHz,
DCl3): ı = (–123.68)–(–123.42) (m,  2 F), (–123.25)–(–123.08) (m,

 F), (–122.31)–(–121.98) (m,  4 F), (–121.98)–(–121.64) (m,  8 F),
–120.94)–(–120.79) (m,  2 F), (–120.01)–(–119.76) (m,  2 F) ppm.
9Si{1H} NMR  (100 MHz, CDCl3): ı = −35.4 ppm. C25H31Cl3F20O8Si
973.92). Compound 8: 1H NMR  (500 MHz, CDCl3): ı = 4.36 (t,

 = 12.6 Hz, 2 H) ppm, all other signals are isochronic with com-
ound 7. 13C{1H} NMR  (125 MHz, CDCl3): ı = 62.06 (t, J = 31.5 Hz,

H2) ppm, all other signals are isochronic with compound 7.
9F{1H} NMR  (470 MHz, CDCl3): ı = (−121.22)–(−121.08) (m,  2 F)
pm, all other signals are isochronic with compound 7. 29Si{1H}
MR (100 MHz, CDCl3): ı = –53.08 ppm.
icochem. Eng. Aspects 449 (2014) 31–41

2.4. Monolayer formation

Si/SiOx, Au/SiOx or BF33 substrates (1.5 cm × 1.5 cm)  were
cleaned sequentially for 5 min  with toluene and isopropanol
in an ultrasonic bath and dried in an Ar stream followed by
oxidation in an UV/ozone cleaner (BioForce Nanosciences, Inc.,
Ames, IA, USA) for 30 min  in order to create a hydrophilic sur-
face. The clean oxidized surfaces were immersed in 10–15.5 mM
solution of the mixture of silanes 7 and 8 (3:2) in absolute
CH2Cl2 under Ar atmosphere for self-assembly. Depending on
the used substrate, the time of the self-assembly process var-
ied from 1 min  to 48 h. The substrates were removed from
the solution and then rinsed with toluene and cleaned with
CH2Cl2 and isopropanol in an ultrasonic bath and dried in an Ar
stream.

3. Results and discussion

3.1. Organic synthesis

Intermediate products 3 and 4 were reported in literature
before [36]. Nevertheless, we  have developed an economical and
high-yield access of compound 3 starting from readily avail-
able triethylene glycol monomethyl ether (1), which was  first
tosylated to give sulfonate 2 (94% yield, Scheme 2) and then con-
verted with triethylene glycol to furnish hexamer 3 (86% yield).
Another tosylation gave compound 4 (96%). Thus, the overall yield
of this three-step sequence was 79%. Similar to the report of
Gentilini et al. [36], who  have prepared a corresponding thiol
with perfluoroalkyl and oligoethylene glycol subunits, tosylate
4 was  converted with an excess of perfluorodiol 5 to obtain
the hybrid compound 6, however, the yield remained moder-
ate (59%). This is mainly attributed to the electron withdrawing
effect of the perfluorinated moiety which lowers significantly the
nucleophilicity of the corresponding alcoholate in the SN2-type
displacement. Anyhow, compound 6 could be conveniently puri-
fied by column chromatography and was obtained on a reasonable
scale of almost one gram. Then it was  treated with an excess of
neat SiCl4 at elevated temperature and alcohol 6 was fully con-
verted. After removal of all volatile materials from the reaction
mixture, the residue was  analyzed by NMR-spectroscopy, which
revealed a composition (molar fractions) of 67% compound 7 and
33% dialkoxydichlorosilane 8. While the major component of this
mixture was  unequivocally characterized by 1H NMR, 13C NMR,
19F NMR, the minor component was identified by the diagnostic
triplet at ı (1H) = 4.36 ppm. The 29Si NMR  spectrum of the mixture
showed two  signals at ı (29Si) = −35.4 ppm (compound 7) and ı
(29Si) = −53.1 ppm (compound 8), which were assigned by com-
parison with the following literature data: ı (29Si) = −38.7 ppm for
EtOSiCl3 and � (29Si) = −56.1 ppm for (EtO)2SiCl2 [41]. We  were
unable to obtain mass spectra of compounds 7 and 8. These reactive
silanes cannot be separated. A mixture of 7 (67%, trichlorosilane)
and 8 (33%, dichlorosilane with two  alkoxy residual) was  used
to produce SAMs on silica surfaces. Both compounds are able to
chemisorb on the silica surface. Thus, in self-assembled films both
compounds 7 and 8 are present. Due to a higher concentration of
compound 7 in the solution and presence of three Cl atoms which
may  undergo oligomerization reaction, one can expect that 7 is
the main component of films self-assembled on silica surfaces.
However, trichlorosilanes form the densest and best orientated
monolayers, due to the formation of three Si O Si bonds per

molecule [42–44]. According to literature a decrease in the num-
ber of chlorosubstituents for long chains a in compound 8 decreases
the order of the resulting monolayers [42–44]. It also decreases the
reactivity towards the surface.
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Fig. 2. PM IRRA spectra in CH stretching region of monolayers of 7 on Au/SiOx after
3  h (dotted line), 24 h (dashed line) and 48 h (solid line) of self-assembly and PM IRRA
Fig. 1. C 1s high resolution XPS-spectra of 7 on the Si/SiOx surface.

.2. XPS-measurements of monolayers

A monolayer was formed on Si/SiOx by immersion in a 15.5 mM
olution of 7 and 8 for 3 h. The survey spectrum of the monolayer
Supporting Information, Fig. SI1) showed photoelectron signals for
i 2p, Si 2s, C 1s, O 1s and F 1s and Auger peaks of C KVV, F KL23L23,

 KL1L23, O KL23L23 and O KL1L23 in agreement with the elemental
omposition expected from the sample.

Two significant components were found in the C 1s region
Fig. 1). The first component at 286.6 eV was assigned to CO groups
nd corresponds to the OEG part of the monolayer [32,40]. The sec-
nd line appeared at 291.6 eV and was assigned to the CF2 groups in
he perfluoro alkyl chain. Moreover, a small C 1s signal at 284.4 eV
as observed (Fig. 1). It was attributed to the hydrocarbon contami-
ation (typically around 284–285 eV) [32,45]. Indeed this band was
lso found at the pure Si/SiOx surface and confirms that hydrocar-
on signals originated from surface contaminations.

The atomic ratio N(CF2):N(CO) calculated from the high resolu-
ion spectrum (Fig. 1) was 1:1.52. For compounds 7 (as well as 8)
he expected ratio N(CF2):N(CO) is equal to 1.0:1.5 since the hybrid
ompound 7 contains 10 C atoms within CF2 groups vs. 12 C atoms
n the OEG units plus 1 terminal methoxy C plus 1 C atom linking
he OEG part and the perfluorinated chain and 1 C atom adjacent to
he silanol group (Scheme 2). The expected and measured ratio of
(CF2):N(CO) were in excellent agreement indicating that indeed

he hybrid compound was adsorbed on the silica surface.
One component at 688.7 eV appeared in the XPS spectrum in the

 1s region (Supporting Information, Fig. SI5). Kristalyn et al. [46]
nd Fréchette et al. [45] found the CF2 signal from perfluorinated
ilanes at 689.1 and 688.8 eV.

The O 1s region showed a broad signal at 532.9 eV (Supporting
nformation, Fig. SI7), which was deconvoluted into two compo-
ents. The strong contribution at 533.0 eV was due to the OC at
he OEG fragment [32] of 7 (as well as 8) whereas a weak sig-
al at 534.5 eV arose from the O atoms at SiOx surface [40]. After
emoval of the monolayer of 7, the intensity of the O 1s signal at
34.5 eV increased indicating that indeed, it originated from the
ilica matrix. (Supporting Information SI2, Fig. SI7).

During exposure of the monolayer of 7 to Al K� radiation (and
esulting secondary electrons), the monolayer spectra changed
Supporting Information SI2, Figs. SI2–SI7). The intensities changes
nder X-ray radiation did not compromise the functionalities of the

ayers at solid–liquid interfaces under ambient conditions.
.3. PMIRRAS measurements

For PM IRRA measurements, a surface reflecting IR radiation is
equired. Therefore, Au/SiOx substrates were used as analogues to
spectrum of SAM of hexaethylene glycol-terminated per-deuterated alkanethiol
adsorbed on Au (thick solid line, data are taken from [49]).

Si/SiOx [38]. A 10 nm thick SiOx layer provided the OH groups for
the chemisorption of silane hybrid compounds while underlying Au
served as mirror for the IR radiation. Fig. 2 shows the PM IRRA spec-
tra in the CH stretching modes region of monolayers of 7 adsorbed
on the Au/SiOx surface. Due to the presence of the perfluorinated
alkane chain, the PM IRRA spectra of the CH stretching modes orig-
inated only from the OEG fragment, i.e. methylene groups adjacent
to the O atoms and one terminal methoxy group. As seen in Fig. 2,
the intensities of the PM IRRA spectra increased with time of self-
assembly. After 48 h of the adsorption process no further changes
in the PM IRRA spectra of monolayers of 7 on Au/SiOx surface were
observed. This result indicated that the monolayer formation was
slow for compound 7.

The PM IRRA spectra of SAMs of 7 were composed of
several overlapped bands. A weak and poorly defined absorp-
tions at 2976 ± 3 and 2830 ± 5 cm−1 arose from the �as(OCH3)
and �s(OCH3) stretching modes at the terminal methoxy
groups [47]. The following four IR absorption bands were
assigned to the methylene stretching modes: 2949 ± 4 cm−1

(�as(OCH2)), 2923 ± 2 cm−1 (�as(OCH2)), 2892 ± 4 cm−1 (�s(OCH2)),
and 2879 ± 1 cm−1 (�s(OCH2)) [47,48]. The spectra of 7 adsorbed
on the Au/SiOx surface were compared to a spectrum of a SAM
of an OEG-terminated perdeuterated alkanethiol on Au [48–50]
(Fig. 2). In both molecules, the OEG units were the same and, as
seen in the scheme in Fig. 2, only those fragments gave absorp-
tions in CH stretching mode region. Low intensities of the PM IRRA
spectra of 7 adsorbed on Au/SiOx in comparison to OEG-terminated
alkanethiol on the Au may  indicate lower surface coverage of 7 on
SiOx and/or different packing of silane and thiol molecules in the
SAM.

In the CH stretching modes region, of the monolayer of 7 on
the Au/SiOx, the �s(OCH2) mode at 2879 cm−1 gave the strongest
absorption band. By contrast, in monolayers of various hybrid OEG
alkanethiols adsorbed on the gold, the strongest absorption origi-
nated from the �s(OCH2) mode at 2890 cm−1 [49,50]. This indicated
differences in the orientation of OEG fragment in SAMs of 7 on
SiOx and its thiolate analogues on gold. The vector of the transi-
tion dipole moment of the �s(OCH2) mode at 2879 cm−1 is oriented
perpendicular to the long axis of the OEG chain, whereas the
transition dipole vector of the �s(OCH2) mode at 2890 cm−1 lies
parallel to this axis [47]. The enhancement of the �s(OCH2) mode
at 2879 cm−1 indicated that the long axis of the OEG chain had a

large tilt towards the surface normal suggesting a poor packing of
this part of the molecule in the self-assembled monolayer of 7 on
the Au/SiOx.
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Fig. 3. Normalized PM IRRA spectra (A) and their second derivatives (B) of unmo-
dified Au/SiOx surface (solid line, background spectrum) and of monolayers of
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Table 1
Water contact angles of molecules containing a terminal OEG fragment and fluoro-
carbon silanes in monolayers on silica and gold surfaces.

Substrate|Adsorbed molecule Water
contact
angle (◦)

Reference

77 ± 3 This work

82 ± 1
81 ± 1

This work

63 [46,48]

67 [24]

81 [25]

110–120 [38,42,54,55]
ompound 7 on Au/SiOx after 3 h (dotted line), 24 h (dashed line) and 48 h (thin solid
ine) of reaction. (C) Difference spectra of monolayers of compound 7 on Au/SiOx and
he background spectrum.

Si O Si modes were analyzed in the PM IRRA spectra in
500–900 cm−1 region for a monolayer of 7 on the Au/SiOx using
lso their second derivatives (Fig. 3).

The PM IRRA spectra were dominated by two  strong, super-
mposed absorption bands arising from the transverse and
ongitudinal �as(Si O Si) modes in the 10 nm thick SiOx substrate
lm on the Au surface (Fig. 3A) [38,51]. The hybrid compounds 7
nd 8 also absorbed the IR radiation in this region complicating the
nalysis of the monolayer. The PM IRRA spectra of SAMs showed
n increase in the intensity at 1220–1100 cm−1 (Fig. 3). The sec-
nd derivative of the PM IRRA spectra allowed the determination
f the number and frequencies of the IR absorption modes in the
AM of 7 (Fig. 3B). It had minima at 1353, 1203, 1179, 1158, 1129
nd 961 cm−1. In order to identify the modes originating from 7, the
M IRRA spectra were first normalized and the difference spectrum
etween monolayers of compound 7 on SiOx and the background
pectrum (bare SiOx) were calculated (Fig. 3C). The absorption at
353 cm−1 originated from the CH2 wagging modes in the amor-
hous, disordered phase of OEG chains [47,49]. After 24 h of the
eaction, a very weak absorption around 1330 cm−1 appeared in the
pectrum of the monolayer. The OEG part of 7 gave the CH2 rocking
ode at 961 cm−1. The presence of these two modes in the PM IRRA

pectra indicated that a fraction of OEG chains had gauche confor-
ation. The presence of gauche conformations suggested that some
EG chains in the monolayer of 7 adopted a helical conformation

50,52]. Low intensities and the shape of the CH stretching modes,
s well as the presence of very weak CH2 wagging modes indicated
hat the OEG fragment in the monolayer of 7 existed in an amor-
hous state. The OEG chains were disordered and poorly packed.
s shown in Fig. 3C, three absorption bands centered at 1223, 1203
nd 1158 cm−1 originated from the CF2 and CC(F) stretching modes
f the fluorinated alkane chain of the SAM of 7 [53–55]. The mode
t 1223 cm−1 was not resolved in the second derivative spectrum
ecause it was superimposed on a strong absorption band of the
iO2 substrate. This mode is due to the �(CC(F)) stretching mode.
t was found at 1226 cm−1 in self-assembled monolayers of perflu-
rinated thiols [53]. The �as(CF2) mode was located at 1203 cm−1,
hereas the mode at 1158 cm−1 arose from the �s(CF2) and �(CF2)
odes [53,54]. A weak absorption around 1130 cm−1 originated

rom the COC stretching mode at the OEG fragment of 7 [47,50], CC

rogression modes in the perfluorinated chains of 7 [54] as well as
i O Si stretching modes in the SiOx matrix [38]. The presence of a
inimum at 1130 cm−1 in the second derivative of the unmodified
u/SiOx substrate indicated that this absorption mode is due to the
silica substrate. By contrast, only the second derivatives of mono-
layers of 7 showed a minimum at 1179 cm−1. The origin of this band
is not clear yet. It may  arise from the asymmetric stretching mode
of the O Si O lattice formed by 7 in the monolayer [56,57].

3.4. Contact angle measurements

After cleaning and treatment with UV/O3, the Au/SiOx, Si/SiOx

and BF33 surfaces were hydrophilic and their water contact angles
were close to 0◦. After the self-assembly of 7 on these surfaces, the
water contact angle increased to ca. 80◦, as listed in Table 1. The
contact angle for the SAM of 7 on Au/SiOx was  equal to (77 ± 3)◦

and was lower than the contact angles of modified Si/SiOx and
BF33 substrates (82 ± 1)◦. The measured contact angles were higher
than contact angles reported for methyl-capped OEG terminated
C11-thiolates on gold or silver (63◦) and methyl-capped-OEG-
terminated-C11-trichlorosilanes on SiOx (69◦) [28,50,52]. Water
contact angles of monolayers of perfluorinated silanes on the SiOx

surface are higher and close to 110–120◦ [42,46,58,59]. Clearly, the
measured water contact angles indicated that monolayers of the

hybdrid compound 7 adsorbed on various silica surfaces were ter-
minated by OEG and not by fluorocarbon chains. The value of the
contact angle depends on the OEG-termination and the architecture
of the whole molecule. Interestingly, Hoffmann and Tovar found
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 minimum advancing contact angle of ca. 81◦ for SAMs formed
rom methyl-capped-OEG-terminated-C11-dimethylchlorosilanes
n silicon dioxide surfaces [29] (Table 1). Higher values of the
ontact angle (relative to OEG-terminated SAM on Au) reflected
ower packing density and disorder in the monolayer of methyl-
apped-OEG-terminated-C11-dimethylchlorosilanes [29]. In our
ase higher values of the contact angle in monolayers of 7 compared
o other OEG-terminated films indicated that the methyl capped
EG-terminated silanes are less densely packed permitting some

nteraction of the perfluorinated alkyl chain with water during the
ontact angle measurement. The observed differences were smaller
or SAMs of 7 on the Au/SiOx substrate (77◦ compared to 81◦ and
2◦ for SAMs on Si/SiOx and BF33) and indicated that this SAM has a
igher degree of order than films prepared on the Si/SiOx and BF33
urfaces.

.5. SFM-measurements

SFM images were recorded in contact mode in water for bare
u/SiOx and Au/SiOx modified with silane 7 (Fig. 4).

The bare Au/SiOx surface was composed of grains which are in
verage 156 nm in diameter and 1–2 nm high. The surface rough-
ess, determined as RMS  over 5 �m × 5 �m surface, of the bare
ubstrate was equal to (0.94 ± 0.04) nm.  After 3 h of self-assembly
f 7, the height of features increased to 3–5 nm and the RMS
ncreased to (1.27 ± 0.12) nm (Fig. 4B). The topography of the mono-
ayer was dominated by the topographic features of the substrate.
he uniform coating of the substrate became apparent from the
ateral force images of the bare and modified Au/SiOx samples
Fig. 4C and D). Local friction forces decreased in the monolayer of

 chemisorbed on Au/SiOx surface. It is known that perfluorinated
ilanes reduce the local friction and the adhesion due to weaken-

ng of the interaction between the AFM tip and the sample [59].
n addition, Tizazu et al. [60] reported a weaker local friction for
lass substrates modified with OEG-terminated silanes compared
o bare oxidized glass substrates.

ig. 4. SFM topography contact mode images in water of (A) bare Au/SiOx and (B) monola
ateral  force mode of (C) bare and (D) modified Au/SiOx surface.
icochem. Eng. Aspects 449 (2014) 31–41 37

Interestingly, SFM images showed large difference in topog-
raphy of the monolayer of 7 prepared on the BF33 substrate
(Fig. 5). The RMS  of a clean 5 �m × 5 �m BF33 surface is equal to
(0.267 ± 0.004) nm.  The BF33 surface is very smooth and practically
flat on the atomic level. Already after 1 min  of the self-assembly of
7 the RMS  increased to (1.157 ± 0.131) nm.

New features of a height 2.9–5.4 nm appeared on the SFM image
(Fig. 5A). Longer self-assembly times caused further changes in the
topography and roughness of the glass surface. In the film produced
after 10 min  self-assembly of 7, the density of surface aggregates
increased. The height of the features ranged from 7.2 to 13.8 nm
and the RMS  increased to (4.0 ± 1.0) nm.  After 1 h of self-assembly, a
densely packed film was formed from 1.1 nm × 0.6 nm large aggre-
gates. Their height increased to 29.2 nm while the RMS  rose to
(8.07 ± 0.29) nm. Similar changes in the topography and rough-
ness were observed for monolayers of 7 on Si/SiOx surfaces (data
not shown). The RMS  of the bare Si/SiOx surface increased from
(0.463 ± 0.029) nm to (8.090 ± 0.106) nm after 4 h of self-assembly
of 7. The length of a molecule can be estimated by increments
for each group. The hybrid compound 7 contains two  CH2 groups,
each of it is 0.126 nm long, 10 CF2 units each of it is 0.13 nm long,
the terminal methyl group which is 0.153 nm long, and 6 ethyl-
ene glycol units of variable length. The incremental length of the
ethylene glycol units depends on the chain conformation and is
equal to 0.278 nm in helical and 0.356 nm in planar conforma-
tion [50]. Therefore, the expected length of the stretched molecule
7 varies from 3.373 to 3.841 nm for helical or planar conforma-
tion of the OEG chain, respectively. Therefore, the height of the
observed structure exceeded the length of the hybrid molecule
7 indicating that oligomers or multilayers were formed in these
regions.

Clearly, adsorption of 7 lead to the formation of non-uniform,

multilayered films on BF33 and Si/SiOx surfaces. This can be
caused by the attachment of oligomers to the surface, which
might be formed in solution by hydrolysis and polymerization
of compound 7 and/or 8. Such larger siloxane species might also

yer of 7 after 3 h of self-assembly on the Au/SiOx surface. SFM friction images with
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Fig. 5. Tapping mode SFM topography images and section analysis of (A) bare BF33 wafer and (B–D) BF33 surface after the self-assembly of 7 from CH Cl solution for (B) 1,
(
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C)  10 and (D) 60 min.

hysically adsorb on solid surfaces. Bunker et al. [59] and Pel-
erite et al. [58] observed also that perfluorinated silanes formed
ggregates on Si wafers. The size of aggregates depended on the
elf-assembly duration. Pellerite et al. [58] prepared a perfluori-
ated silane on Si wafers by immersion in heptane. The height of

he used trichloro-1H,1H,2H,2H-perfluorododecylsilane adsorbed
n the Si surface varied from 1.5 to 6.0 nm and 1.5 to 15.0 nm in
lms produced during 1 and 60 min  of adsorption, respectively
58].
2 2

By contrast, the adsorption of 7 on the Au/SiOx surface lead
to the formation of well-defined monolayers. Our  results suggest
that the difference in the film quality was rather caused by the
nature and/or surface quality of the substrate as the same condi-
tions for cleaning and monolayer formation were applied to each

sample. The BF33 samples consisted of 81% SiO2, 2% Al2O3, 4%
Na2O/K2O and 13% B2O3 and was  atomically smooth. The Au/SiOx

surface is composed of grains and is not smooth on the atomic
level.
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Scheme 3. Illustration of the packing of 7 in self-assem

. Conclusions

In this paper the successful synthesis and monolayer proper-
ies of a new trichlorosilane 7 and dichlorosilane 8 are reported.
espite the fact that the reaction mixture contained the monomer

7) and the dimer (8), it was possible to form self-assembled films
n various silica surfaces. The thickness, hydrophilicity and orien-
ation of the hybrid compound 7 in self-assembled films depend
n the nature of the used substrate. Scheme 3 shows schematically
he molecular order in films of 7 self-assembled on Au/SiOx surface
s well as Si/SiOx and BF33 surfaces.

SFM measurements of the film thickness indicated clearly that
 monolayer of 7 was formed on the Au/SiOx surface. Topogra-
hy images as well as PM IRRAS showed that the monolayer was
niform and ordered at the molecular level as summarized in
cheme 3A. The OEG units exist in the amorphous phase. Long
elf-assembly times on the Au/SiOx surface (>24 h) lead to some
earrangement in the monolayers, namely a transition of a small
raction of OEG chains from the amorphous state to the helical con-
ormation was observed. In comparison to the thiol analogues, the
ybrid molecule 7 formed less dense and less ordered monolay-
rs. The long axis of the OEG fragment of the hybrid compound

 tilts preferably parallel to the plane of the SiOx surface. The
nchoring SiCl3 group is bulkier than the SH group adsorbing on
he Au surface, therefore the expected packing density of silanes
n the silica surface is lower than for thiols on gold. Interestingly,

 new band at 1179 cm−1 appeared in the PM IRRA spectra of
onolayers of 7 when self-assembly exceeded 24 h. This band is

ssociated with the asymmetric stretching mode of Si O Si groups
n the silica lattice of the monolayer. In silica films prepared via
he sol-gel method it was observed at 1180 cm−1 [61]. Indeed,
richlorosilane groups of 7 may  polymerize to form a lattice of
ilanes in the adsorbed film which lies parallel to the surface of

he solid surface (Scheme 3A). This reaction may  be responsible
or the formation of well-defined pattern in the monolayers of 7
n the Au/SiOx if self-assembly is carried out over realtively long
imes.
films on (A) Au/SiOx and (B) Si/SiOx and BF33 surfaces.

By contrast, the self-assembly of 7 on the Si/SiOx and BF33
surfaces leads to the formation of films with poorly-defined pack-
ing and structure as shown in Scheme 3B. SFM measurements
showed clearly that the self-assembled films of 7 on the Si/SiOx

and BF33 surfaces were inhomogenous and their thickness corre-
sponded to length of 2–4 molecules of 7. The process of adsorption
is fast compared to the adsorption of 7 on Au/SiOx. In this case the
polymerization reaction of silanes seems to be responsible for a
formation of disordered films. Interestingly, the chemisorption of
7 to the well-defined, almost atomically flat Si/SiOx substrates is
inefficient. This result suggests that the adsorbing molecules 7 and
8 require larger area than the distance between two anchor points
on the silica lattice provides. The surface roughness of the Au/SiOx

substrate is significantly larger. The contained defects may  provide
sufficient space to accommodate a dense packing of 7 and for-
mation of ordered monolayers. This is an important technological
finding, which may  facilitate controlling the order in the adsorb-
ing monolayer via the control of the surface roughness of the silica
surface. Initial tests of cell adhesion were done on silica 7 and 8
films modifying glass and silica surfaces. These results are shown
in Supporting Information SI3.

Associated content

XPS survey spectra, changes of monolayer composition upon
prolonged exposure to X-rays in UHV and cell seeding tests are
available in Supporting Information.
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