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Cross Metathesis on Olefin-Terminated Monolayers on Si(111) Using
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This paper reports the functionalization and patterning of olefin-terminated monolayers on Si(111) through cross
metathesis. A simple, one-step synthesis of a diote@itl,=—CH(CH,)sO(CH,)CH=CH,—was developed from
commercially available starting materials. Mixed partially olefin-terminated monolayers of this novel diolefin and
1-octadecene on hydrogen-terminated Si(111) were obtained. The olefins are raised above the rest of the monolayer
and thus sterically accessible for further functionalization. Olefin-terminated monolayers were reacted with the Grubbs’
first generation catalyst and olefins in solution that were terminated with fluorines, carboxylic acids, alcohols, aldehydes,
and alkyl bromides. Characterization of these monolayers using X-ray photoelectron spectroscopy and horizontal
attenuated total reflection infrared spectroscopy demonstrated that olefins on the surface had reacted via cross metathesis
to expose fluorines, carboxylic acids, aldehydes, alcohols, and bromides. Through calibration experiments, we
demonstrated a simple 1:1 correspondence between the ratio of olefins in solution used in the assembly and the final
composition of the mixed monolayers. Finally, these monolayers on silicon were patterned on the micrometer-size
scale by softlithography using microfluidic channels patterned into poly(dimethylsiloxane) (PDMS) stamps. Micrometer-
wide lines of polymer brushes were synthesized on these monolayers and characterized by scanning electron microscopy.
In addition, olefin-terminated monolayers were patterned into micrometer-sized lines exposing carboxylic acids by
cross metathesis with olefins in solution. This method of patterning is broadly applicable and can find applications
in a variety of fields including the development of biosensors and nanoelectronics.

Introduction

The field of monolayers on silicon is growing rapidly as new,
mild methods for their assembly have been recently repdrted.

chemistry with the terrific electronic properties of silicon. For
instance, new sensors that expose DNA, proteins, carbohydrates,
porphyrins, or other biologically relevant functional groups on

Self-assembled monolayers (SAMs) on silicon are an important the surface of monolayers on silicon have been repért€these
area of research as they combine the selectivity of organic S€NSOrs offer new possibilities to exploit the opportunities of
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combining biotechnology with silicon technology and will open
up new avenues in science and technology.

Despite these advances, methods to assemble monolayers on
silicon are intolerant of most functional groups or require multiple
gram quantities of starting materials that make them impractical
for the synthesis and assembly of complex, expensive molecules.
Methods to assemble monolayers on silicon begin with hydrogen-
terminated Si(111); this surface is unstable and readily oxidizes
to form a thin layer of SiQon the surfac&1°Although crystalline
monolayers on silicon protect it from oxidation, the assembly is
slow such that side reactions between hydrogen-terminated Si-
(111) and most functional groups limits what can be displayed.
The most successful approach around this problem is to first
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Figure 1. Our method to assemble and functionalize olefin-terminated monolayers by cross metathesis. A silicon wafer with a native layer
of SiO was cleaned and then placed in Ar-purged 40FHfor 30 min to form a hydrogen-terminated Si(111) surface. The wafer was
immediately immersed in a solution &f, 1-octadecene, and trace amounts of TEMP@{6r 24 h. Cross metathesis between olefin-
terminated monolayers and olefins with different “R” groups including carboxylic acids, alcohols, bromides, and aldehydes was catalyzed
by the ruthenium-based Grubbs’ first generation catalyst.

Scheme 1. Example of Cross Metathesis between Two guantitative conversions. We choose to use the Grubbs’ first
Olefins and Catalyzed by the Grubbs’ First Generation generation catalyst as it is less sensitive to functional groups
Catalyst than those based on Ti, Mo, and W; it catalyzes cross metathesis
cr Fevs reactions at low catalyst loadings; and it is over four times less
chf-D”C“Ph R" "R expensive than the Grubbs’ second generation cateélyi$tis
2 R T * catalyst has been used to carry out cross metathesis reactions

H,C=CH ;
2 2 between proteins, carbohydrates, crown ethers, and numerous

assemble an ordered monolayer and functionalize it in a secondSmMallmolecules displaying acids, halides, alcohols, esters, amides,
step!~® In this paper we report a new, versatile approach that and amines?
uses cross metathesis via the Grubbs’ first generation catalyst We and others have reported metathesis reactions on mono-
to functionalize olefin-terminated monolayers on silicon with a layers on gold, silicon dioxide, or silicd#:*¢In most of these
wide variety of functional groups. examples the Grubbs’ catalyst was reacted with strained, cyclic
We and others recently reported mild methods to assembleolefins on a monolayer and used to grow polymer brushes from
well-ordered monolayers on Si(111) that can extend the rangesurfaces by ring opening metathesis polymerization (ROMP). In
of functional groups displayed on its surfacé:1112Monolayers ~ one example, crystalline monolayers of HS@g8H=CH, were
on Si(111) that display esters, amides, alcohols, acids, alkyl assembled on gold and were reacted by cross metathesis with
halides, and acid chlorides have been assembled and characterizethe Grubbs’ second generation catalyst and olefins in solétion.
These monolayers are useful as they can be functionalized inThese monolayers were not patterned nor were the monolayers
subsequent steps, but important questions remain about theiidesigned such that the olefins would be sterically accessible to
stabilities or whether these monolayers can be assembled ovefeact with the Grubbs’ catalyst.
large areas. For instance, reports on acid-terminated monolayers In previous work we showed that monolayers assembled from
demonstrated that they had limited stabilities in aqueous solvents1-octadecene and trace amounts of TEMPfQ{€ee Figure 1
or their stabilities were not reportéd:>13Monolayers terminated  for the structure of TEMPO-{) were stable and protected the
with alkyl halides or acid chlorides were assembled by scribing silicon surface from oxidation upon exposure to ambient
silicon and yielded a monolayer covering a fraction of the area conditions for over 2 months, water at room temperature for over
of a silicon wafe214 The field of monolayers on silicon would 20 days, chloroform at room temperature for over 14 days, and
benefit greatly from more mild methods to assemble functional
monolayers that protect the surface from oxidation. (15) Liu, Z.; Rainier, J. DOrg. Lett.2005 7, 131—133. Bielawski, C. W.;
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refluxing chloroform for over 4 day¥ These results are critical ~ surfaces of HATR crystals. Scans were measured at a resolution of
as they show that these monolayers are stable enough to havé.0 or 2.0 cn?,
practical applications in fields such as biochemistry, sensors, Scanning Electron Microscopy. Si(111) shards that were
and tribology. Although these monolayers are crystalline and Patterned as shown in Figure 12 were examined with a Hitachi
stable under a variety of conditions, being terminated with methy! \?(;ﬁggg g?%“l?\'/”g\l:;egggg t‘:'iﬂ] ZZ??& g;’g;i"sybgr;haecgﬁlr?;"é‘gng
?Jggtﬁ)sng"rg Siotr:]elr use, especially with respect to further Synthesis of 11,11Oxybis-1-undecene (A).10-Undecen-1-ol
. ) . (60 g, 0.352 mol), triethylamine (28.4 g, 0.281 mol), apd

In this paper we report the assembly of mixed monolayers of to|ylenesulfony! chloride (26.8 g, 0.140 mol) were stirred under
1-octadecene and GHCH(CH,)9O(CHy)eCH=CH, A (Figure nitrogen at room temperature for 24 h in 360 mL of tetrahydrofuran
1). We designed as a suitable precursor to assemble monolayers (THF). Potassiuntert-butoxide (39.4 g, 0.352 mol) was added to
asitis easy to synthesize in one step from commercially available the reaction mixture and stirred for 7 h. The solvent was evaporated,
starting materials and it assembles into monolayers that are thickeignd the product was extracted with methylene chloride. After
than those assembled from 1-octadecene. The latter point is€vaporationthe productwas distilled as a colorless oil under vacuum

important: amixed monolayer 8fand 1-octadecene will expose at 200°C and stored in &30°C freezer in a glovebox. Yield: 61%.
. IH NMR (300 MHz, CDC}, ppm): 6 5.82 (2H, m), 4.96 (4H, m),

olefins on the monolayers above the methyl groups. Thus, the . _

lefi illb i ible t twith the Grubbs’ catalvst 3.38 (4H,tJ=6.9 Hz), 2.02 (4H, ) = 6 HZz), 1.54 (4H, m), 1.28
oletins will be easily accessible to reactwith the Grubbs catalyst. (54 'm) 13c NMR (300 MHz, CDC, ppm): 6 138.9, 114.0, 70.8,

In this paper we will describe the straightforward, one-step 33.7, 29.7, 29.4 (3 peaks), 29.0, 28.8, 26.1. HRMS. Calcd for

synthesis ofA and the assembly and characterization of mixed C,,H,,0: 322.3236. Found: 322.3235.
monolayers ofA with 1-octadecene. These monolayers were  Synthesis of CH=CH(CH 2)¢O(CH;)1¢CH3. In a round-bottom
characterized by X-ray photoelectron spectroscopy (XPS) andflask, 1-undecanol (58.3 g, 0.154 mol) and potassierrbutoxide
horizontal attenuated total reflection infrared spectroscopy (38.0 g, 0.339 mol) were added under nitrogen to 250 mL of THF.
(HATR-IR spectroscopy). In addition, we will describe our results  The solution turned yellow and cloudy. 11-Bromo-1-undecene (35.9
for the functionalization of olefin-terminated monolayers with 9 0-154 mol) was added, and the mixture was refluxed under nitrogen.

o . : The product was isolated as a clear liquid by distillation under vacuum
the Grubbs' first generation catalyst to yield monolayers at 200°C and stored in &30°C freezer in a glovebox. Yield: 44%.

terminated with acids, aldehydes, bromides, and alcohols. Finally, 3 "\ R (300 MHz, CDC}, ppm): & 5.76 (LH, m), 4.92 (2H, m)
we will report mild methods to grow polymers from these 3 36 (4 t,J=6Hz’) 1.99 iZH m') 1.521.25 (’32H’ rﬁ) 0.85’(3H'
monolayers and their patterning on the micrometer size scale.t, j = g Hz). 3C NMR (300 MHz, CDC}, ppm): ¢ 139.2, 114.0,
70.9, 33.8, 31.9, 29.8, 29.6, 29.5, 29.4 (4 peaks), 29.3, 29.1, 28.9,
Experimental Section 26.2, 22.7, 14.1. HRMS: Calcd for,@1440: 324.3292. Found:
324.3291.
Materials and Methods. 1-Octadecene (90%), 10-undecenoic ; _ }
acid (98%), 10-undecen-1-ol (99%), 10-undecenal (97%), 11-bromo- 4 a;Z ntlhoe_iﬁdz];gnhtl_g '}(2%%2)308(_:;2%6%6:)” aerl](;ogggstﬁgrc;}m
1-undecene (95%), 1,6-dichlorohexane (95%), 1-undecanol (98%), , oxide (20.9 g, 0.339 mol) were added under nitrogen to 450 mL
potassiuntert-butoxide, 5-norbornene-2-carboxylic acid (98%),and ¢ rE 1 6-Dichiorohexane (72.4 g, 0.467 mol) was added, and the
48% hydroflu_oric acid were purchased from Acros or Aldrich and mixture V\}as refluxed under nitrogeﬁ. The solvent was rem’oved by
used as received. 40% NHwas purchased from J. T. Baker and o\ ration, and the product was extracted with methylene chioride
used as received. All solvents were purchased from Acros and uset, 1 water. The product was purified by column chromatography
as received. Single-side polished Si(111) wafers (n-type) Were i 3/97 ethyl acetate/hexane. Yield: 22%i NMR (300 MHz,
purchased from Silicon Inc, Boise, ID. . CDCl, ppm): 6 5.79 (1H, m), 4.94 (2H, m), 3.46 (2H,3= 6 Hz),
TEMPO-Gowas synthesized as described ina previous papér. 3 34 (4H, m), 1.97 (2H, m), 1.71 (2H, m), 1.52.33 (20H, m)13C
It was stored in a—30 °C freezer in a glovebox under,N NMR (300 MHz, CDC4, ppm): ¢ 138.8, 113.9, 70.7, 70.4, 44.7,
1-Octadecene and 10-undecenoic acid were distilled with a Vigreux 33.6, 32.4, 29.6, 29.3 (4 peaks), 28.9, 28.7, 26.5, 26.0, 25.3. HRMS.
column under reduced pressure. Typically, 500 mL were distilled cz|cd for G7H3:ClO: 288.2220. Found: 288.2216.
and the middle third of the fractional distillation was used. The Assembly of Mixed Monolayers of 11,1 Oxybis-1-undecene
collected fraction was transferred to a Kontes flask. The Kontes 5.q 1-OctadeceneSilicon(111) shards cleaned with a nitrogen gun
flask was evacuated under reduced pressure for 48 h and back-filled; g rinsed with hexane, acetone, and methanol. The wafers were
with Ng; this process was repeated three times. The Kontes flask wasgiched in 1:5 (vIv) of HF/NKF solution for 30 s. The wafers were
stored in the glovebox. oxidized with 1/3 (v/v) of HO./H,SO, for 1 h at 90°C. Caution
Instrumentation. *H and*3C NMR were recorded on a Bruker  pijrhana solution is highly dangerous and should be handled with
DPX 300 using CDG The solvent signal was used as internal care The oxidized wafers were washed with water. The wafers
standard. were then etched with 40% NH for 30 min under an atmosphere
X-ray Photoelectron Spectroscopy (XPS)X-ray photoelectron of argon. This process yielded hydrogen-terminated silicon(111).
spectra were obtained on a Kartos Axis Ultra Imaging spectrometer. The wafer was dried with a nitrogen gun and immediately transferred
Spectra of C(1s) (275295 eV binding energy), O(1s) (52545 to a glovebox.
eV binding energy), F(1s) (675695 eV binding energy), Si(2p) The shards were immersed in a solution of 11dxybis-1-
(90—-110eV binding energy), Cl(2p) (19@210eV bindingenergy),  undecene and 1-octadecene with 0.1 mol % of TEMR@#Cthe
and Br(3d) (66-70 eV binding energy) as well as survey scans glovebox. Typically, a mixed monolayer with a 1/1 mole ratio of
(0—1100 eV) were recorded with a tilt angle of 45'he atomic 11,1%-oxybis-1-undecene/l-octadecene was assembled on the
compositions were corrected for atomic sensitivities and measuredhydrogen-terminated Si(111) shards by mixing 1%:dxybis-1-
from high-resolution scans. The atomic sensitivities were 1.000 for undecene (3 mL, 2.3 g, 7.0 mmol) and 1-octadecene (2.34 mL, 1.84
F(1s), 0.780 for O(1s), 0.278 for C(1s), 0.328 for Si(2p), 0.891 for g, 7.0 mmol) with 0.1 mol % of TEMPO-£(0.005 g, 0.007 mmol).
Cl(2p), and 1.055 for Br(3d). The wafer was sealed in a Schlenk flask under nitrogen for 24 h.
Horizontal Attenuated Total Reflectance Infrared Spectros- After 24 h, the shards were washed with various solvents and sonicated
copy.These spectrawere recorded using a Bruker Tensor 27 equippedvith CH,Cls.
with an MCT detector cooled with liquid nitrogen. Monolayers were Representative Procedure for Cross-Metathesis on Mixed
assembled on Si(111) HATR crystals with dimensions 0&800 Monolayers.A Si(111) shard with an olefin-terminated monolayer,
x 5 mm. The crystals were mounted in a dry air purged sample Grubbs’ first generation catalyst (0.054 g, 0.06 mmol),.CH (3
chamber. Background spectra were performed using freshly oxidizedmL), and 10-undecenoic acid (1 mL, 5.4 mmol) were added to a
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Table 1. XPS and HATR-IR Spectroscopy of Monolayers on Si(111)

XPS compositiof (%) HATR-IR
entry compositioh C Si SiQ (¢] v(CHp) (cm™)  »g(CHy) (cm™)
1 CH,=CH(CH,)15CHs 60 33 0 7.0 2920 2851
2 CH,=CH(CH,)sO(CH,)sCH=CH, 67 24 0 8.9 2925 2854
3 50/50 CH=CH(CH,)1sCH3/CH,=CH(CH,)O(CH,)sCH=CH, 60 26 0 13 2924 2852
4 75125 CH=CH(CH,)15CHs/CH,=CH(CH,)sO(CH,))CH=CH, = 68 23 0 9 2924 2854
5 83/17 CH=CH(CH,)1sCH3y/CH,=CH(CH,)O(CH,)oCH=CH, 67 26 0 7 2923 2854
6 CH,=CH(CH,)9O(CH,)10CHs c c c c 2925 2854

aThese compositions are from high-resolution scans. We studied the C(1s), Si(2p), and O(1s) peaks. The peakgpe&i€d at 102 eV in
the Si(2p) high-resolution scah This column refers to the composition of reagents used to assemble the monolayers. All monolayers were assembled
in the presence of 0.1 mol % TEMPOCFor monolayers assembled from two components, we list the mole percent of each olefin that was used.
¢The XPS composition of this monolayer was not determined.

Q IR-active withp-polarized light and are not seen witipolarized
N—)-s-cl i igashi i
5 « light. Higashi et al. reported that the Si(1+H peak appears
ApoH BN ST at 2083.7 cm*with a narrow full width at half-maximum (fwhm)
2) —1-0K A of 0.95 cn1.1° Our hydrogen-terminated Si(111) surfaces are

Figure 2. One-step synthesis & from commercially available WeII-ordereq as we observed one peak v;mpolanzed “g.ht at
starting materials. 2084 cnttwith afwhm of 3.8 cmi! and no peaks witk-polarized

light. Our results demonstrated that we formed a well-ordered

round-bottom flask in a glovebox. The flask was fitted with a reflux hydrogen-terminated Si(111) surface.

condenser and removed from the glovebox and attached to a nitrogen  To fully characterize monolayers, multiple methods must be
line. The reaction was refluxed under nitrogen for 48 h. The wafer \;sed. We characterized our monolayers by XPS and HATR-IR
was taken out and washed with hexanes, acetone, and methanol. Th@pectroscopy. From our previous work on the assembly of

ield of the cross-metathesis reaction was determinetHdyMR. .
¥hese conditions always gave a yield of 100pbNMR (30(l)NMHz, monolayers of 1-octadecene with TEMPO, we learned several

CDCls, ppm): 0 5.36 (2H, br), 2.34 (4H, t) = 6 Hz), 1.98 (4H important characteristics of these monolayers that are important
m), 1.60 (4H, m), 1.29 (20H, br). for the interpretation of the characterization of the monolayers
Patterning Brush Polymers Using Soft Lithography. Typically, reported in this papéi:12First, we know that this method results

an olefin-terminated monolayer on a Si(111) shard was treated with in the assembly of a monolayer with a thickness given by
a solution of Grubbs' first generation catalyst in methylene chloride ellipsometry of approximately 1.8 nm. Second, the monolayer
for 30 min under ambient conditions. Next, the wafer was washed is almost entirely composed of 1-octadecene with less than 1

with methylene chloride and dried with nitrogen. A poly(dimeth- o - .
ylsiloxane) (PDMS) stamp patterned in bas-relief was then pressedmOI % of TEMPO on the surface. Third, although TEMPO is

onto the surface, and a solution of 5-norbornene-2-carboxylic acid "€cessary for the assembly of a well-ordered monolayer, we do
(0.01 g mLY) in dimethylformamide (DMF) was passed through Not know the mechanism of assembly or the role of TEMPO.
the microchannels with a syringe pump fbh at therate of 200 In Table 1 and Figure 3 we show the XPS spectra of monolayers
uL h~%. The channels were then flushed with DMF for 1 h. The assembled fron®\. This surface was first characterized by a
PDMS stamp was then removed and rotated at an angle, and the;, ey scan that showed the presence of Si, C, and O and high-
process was repeated. The wafer was washed with copious amounts . . . .
of organic solvents and dried with nitrogen. resolution scans ofS|, C, O,_and F. Theregion f_oeras examined
as hydrogen-terminated Si(111) was formed in 409H and
Results and Discussion we wished to look for the presence of-St or C—F bonds. The
silicon region was interesting for what it did not show; we did
Diolefin. We developed a simple, one-pot synthesigdfom not observe evidence for SiOThe bulk Si peak appears
commercially available starting materials (Figure 2). This method @PProximately 4 eV lower than the peak for §i@nd these
was used to synthesize up to 56 gofhat was readily cleaned ~ Peaks are thus easily separated and analyzed. We looked for
by distillation. The full synthesis of is described in the ~ SiOx since unlike disordered monolayers, well-ordered mono-
Experimental Section. layers protect silicon from oxidation. The XPS samples were
Characterization of Monolayers of 1-Octadecene an@®ur allowed to sit exposed to atmospheric conditions fed2veeks
method to assemble monolayers on Si(111) is shown in Figure Prior to their characterization by XPS. If the monolayers were
1. Higashi et al. reported a simple method to form hydrogen- disordered, the silicon surfaces would have oxidized during this
terminated Si(111) with minimal defects {%)21°Hydrogen- time period. The lack of SiQin the XPS spectra indicates that
terminated Si(111) is air- and water-sensitive as it will readily well-ordered monolayers were assembled. The presence of a
oxidize to form a thin layer of silicon dioxide on the surface; broad peak for O was consistent with our previous results for
however, well-ordered monolayers on Si(111) protect the surface monolayers assembled from TEMPQy@nd 1-octadecene. As

Assembly of Mixed Monolayers of 1-Octadecene and a

from oxidation in air and solvents for days to monfftséWe there are many sources for oxygen including the ether oxygen
used Higashi's method to form hydrogen-terminated Si(111) in A, the three oxygens in TEMPO:§, and SiQ we cannot
and then placed the wafer in mixtures of 1-octadecénend make further assignments to this peak.

TEMPO-Gp.

The C(1s) peak in the XPS spectra of monolayers assembled
from 1-octadecene ok showed the presence of a8t bond
and described the thickness of these monolayers. In a recent
publication detailing the XPS characterization of organic
(18) Cicero, R. L.; Linford, M. R.; Chidsey, C. E. Dangmuir200Q 16, monolayers on Si(111), Allongue et al. described the presence
5688-5695. of a Si—C peak at binding energies approximately 0.9 eV lower

We characterized hydrogen-terminated Si(111) by horizontal
attenuated total reflection infrared (HATR-IR) spectroscépy.
The Si(111)-H bonds are perpendicular to the surface and only
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Figure 3. XPS of monolayers assembled fréxm(a) A survey scan of this monolayer described the presence of C, O, and Si. High-resolution
scans of (b) F(1s), (c) O(1s), (d) C(1s), and (e) Si(2p) were obtained to find the compositions of these monolayers as described in Table
1
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6.0004 '.".1 Figure 5. HATR-IR spectrographs of monolayers assembled from
! y % 0.1 mol % TEMPO-Gyand (a) 1-octadecene and fb)We did not
5,000+ P observe an olefin peak at in the spectrum of monolayers composed
4,000- L of A.
Counts ..-' % Si—C
3,000 s 4 / the monolayer and agreed well with the previously measured
2,000+ |i'J & ellipsometric thickness of 18 &
1,000+ The C(1s) region in the XPS of monolayers assembled from
(O I A fit to three different peaks. The largest peak was assigned to
the majority of the carbons on the monolayer. A smaller peak

287 286 285 284 283 282 281 280 at a binding energy of 1.2 eV higher than the largest peak was

Binding Energy (eV) assigned to the carbons next to the oxygeA.ihis peak was

Figure 4. XPS of the C(Ls) region of a monolayer assembled from not present in monolayers assembled from 1-octadecene_ as that
(a)A and (b) 1-octadecene. Each of these monolayers was assemblefnolecule lacks an ether bond. Finally, a small peak at a binding
with 0.1 mol % TEMPO-Go. We fit the peak in a to three peaks energy 0.7 eV lower than the main carbon peak was assigned
and the peak in b to two peaks. The residuals to the fits are shownto carbon bonded to silicon. This peak integrated to 2.7% of the
beneath each peak. total amount of carbon. Using the method of Allongue et al., this

. 10 . integration yielded a monolayer thickness of 25X his value
than the main €C peak.® They outlined how to use the ;g 005 with the predicted thickness of 25.2 A for these monolayers
integration of that peak relative to the integration of all carbon with a tilt angle of 35.5 and provides further evidence that an
in the XPS to find a thickness for the monolayer. We fit the ordered monolayer was assembled through one olefif on
ca_rbon peaks fror_n monolaye_rs assembled from LOCtadecenef\/lonolayers assembled through both olefins would have thick-
(Figure 4b) orA (Figure 4a) using the values from Allongue et nesses of less than half of that value
al. and found the presence of- ST bonds. The StC peak from '
monolayers assembled only from 1-octadecene integrated to 4.1% 1€ HATR-IR spectrum of amonolayer of 1-octadecene shows
of the total amount of carbon. This value gave a thickness for W0 important peaks (Figure 5). The peaks corresponding to the
the monolayer of 20 A which matches the predicted value for antisymmetrie-v5(CHz)—and symmetrie-v{(CHz)—stretches for
methylene appear at 2920 and 2851 éniThese results are
significant as the,(CH,) peak for crystalline monolayers ranges
from 2918 to 2920 cmt, but for disordered monolayers it ranges

(19) Wallart, X.; de Villeneuve, C. H.; Allongue, B. Am. Chem. So2005
127, 7871-7878.
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Table 2. Different Reaction Conditions To Optimize the Cross Metathesis of 11-Undecylenic Acid As Shown in Figure 6

Grubbs’
amount of amount of catalys® temp time yield®
olefin® (mL) solvent solvent (mL) (mol %) (°C) vacuum (h) (%)
1.36 xylenes 4.5 0.32 25 no 22 16
1.28 xylenes 4.5 0.32 40 no 21 23
1.0 xylenes 3.0 1.0 40 no 41 47
1.0 xylenes 3.0 1.0 55 no 30 58
1.0 xylenes 3.0 1.0 70 no 50 91
1.0 xylenes 3.0 1.0 85 no 72 91
4.3 none 0.32 40 no 20 59
1.0 tetrakis(ethylene glycol) 3.0 1.0 25 yes 46 54
1.0 tetrakis(ethylene glycol) 3.0 1.0 40 yes 19 69
1.0 poly(ethylene glycol), 60Dl 3.0 1.0 60 yes 113 72
1.0 silicon oil 3.0 1.0 40 yes 48 73
1.0 methylene chloride 3.0 1.0 reflux no 48 100

aEach of these reactions was carried out under an atmosphegeoofuNder vacuum (approximately 100 mToft)The mole percent of catalyst
relative to undecylenic acid.The yield refers to undecylenic acid that was cross metathesizeq@él(CH,)sCO;H)..

from 2925 to 2928 cm'.*? Similarly, the v{CH;) peak for CI:FE“C:‘3Ph (CH,)sCOH

crystalline monolayers appears at 2850 ¢nbut for disordered C" bey, ﬂ (CHy)sCOH

monolayers it appears at 2858 tht2°The location ofyy(CH,) Z~(CHy)sCOH +
H,C=CH,

andvs(CH,) peaks within these ranges describes the crystallinity
of monolayers. Our results indicate that we assembled crystallineFigure 6. Reaction conditions of this cross metathesis reaction
monolayers. were optimized to yield a quantitative yield of product.

Monolayers assembled from had peaks fows(CH) and _ ) )
v§(CH,) at 2925 and 2954 cni (Table 1 and Figure 5). This  increase asthetiltangle ofthe monolayer increases. These effects
result was surprising as results from XPS indicated that well- Place shoulders at slightly higher vibrational frequencies for the
ordered monolayers were assembled but results from HATR-IR a(CHz) andus(CHy) peaks of a crystalline hydrocarbon and, if
spectraindicated that the monolayers were disordered. To furtherthe shoulders were not resolved from th€CHy) and vs(CHy)
investigate this discrepancy, we assembled mixed monolayersP€aks, would cause the(CH;) andv{(CH,) peaks to appear to
of A and 1-octadecene. As we increased the ratio of 1-octadecenéhiftto higher frequencies. This is important as we did not observe
to A in solutions used for the assembly, the valuesfCH,) shoulders on the,(CH;) ands(CHy) peaks in our spectra as
andvs(CHy) decreased and indicated that mixed monolayers were €xpected. Thus, our reported values ffCH;) and vs(CHy)

more ordered than those assembled only ffo(fiable 1, entries ~ May not be the true values for these peaks.
2-5). We also did not observe a peak for the olefin at In contrast, the presence of a terminal olefin on monolayers

approximately 1641 cni. This peak is typically weak and  Of HS(CH)oCH=CH, on gold do not cause these monolayers
difficult to observe; it also may have packed on the surface such t0 appear disordered:* From this we know that monolayers

that it was not IR-activél-22Although we did not see the olefin terminated with olefins can pack into an all-trans, crystalline
by HATR-IR spectroscopy, it was present; in the following Cconformation. Of course it is important to note that monolayers

sections we will describe how these monolayers reacted by cross2n gold assemble through thiols, whereas monolayers on silicon
metathesis and ring opening metathesis polymerizations from @Ssemble through olefins. Thus, the interpretation of the HATR-
the olefins on the surface. IR of a diolefin such ag\ is more complicated as it may bond

The two major differences betwe#nand 1-octadecene are twice to silicon through both olefins and assemble into a disordered

the presence of an ether and second olefk.ifrom the literature ~ Mmonolayer.
of monolayers on gold we know several important characteristics € synthesized Ci=CH(CH)sO(CH)10CHs (B) to study

about how molecules with these functional groups assemble into"OW the presence of an ether affects thi¢CH,) and v(CH,)
monolayer€32*Ether bonds promote disorder in monolayers as P€aKS for monolayers on silicon. Monolayers assembled Bom
they favor gauche over trans conformations by approximately in 0-1 mol % TEMPO-Go appeared disordered by HATR-IR
0.1-0.2 kcal mot2.25 Whitesides et al. studied monolayers on  SPECtroscopy (Table 1, entry 6). This result was surprising and
gold assembled from thiols containing ether bonds by IR indicated that one internal ether bond or a second olefin may
ect the order of a monolayer on silicon. We are not surprised
that a second olefin may introduce some disorder as it may bond

notprove, that the monolayer was not a homogeneous distribution!© the surface twice and increase the disorder, but we expected
of methylenes. Ether bonds are well-known to affect the that monolayers assembled frdnwould appear ordered. It is

vibrational frequencies of methylenes and that this effect will SUTPrising that one ether bond would have such an impact on
monolayers on Si(111), and this work suggests that the structure

of monolayers containing ether bonds or olefins deserve a full

spectroscopy and observed several unresolved components ne
the v,(CH,) andug(CH,) peaks**25This work indicated, but did

(20) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.Am. Chem.

S0c.1987, 109, 3559-3568. Snyder, R. G.; Strauss, H. L.; Elliger, C.JAPhys. study that is beyond the scope of this paper.
Chem.1982 86, 5145-5150. imitati R

(21) Dubowski, Y.; Vieceli, J.; Tobias, D. J.; Gomez, A.; Lin, A.; Nizkoorodor, Because Ofth‘? I|m|tat|ons of HATR-IR spectroscopy, wewere
S.A.; Mcintire, T. M. Finlayson-Pitts, B. J. Phys. Chem. 2004 108 10473 unak_)le to determine if monolayers assembled ffowere ordered
104%3% o o 3.5 McCarlev. R La 11998 14, 113-123 or disordered. Our peaks were broad, and we were unable to

eanasky, J. S.; McCarley, R. lLangmuir , . fat ; _

(23) Wenzel, I.; Yam, C. M.; Barriet, D.; Lee, T. Rangmuir2003 119, dIStmngh the presence _Of S_hOUIderS on I‘K_@HZ) and Us
10217-10224. Sinniah, K.; Cheng, J.; Terrettaz, S.; Reutt-Robey, J. E.; Miller, (CH2) peaks, although Whitesides et al. described their presence
C. Jz-i- LPh,xs-_Chgmé?S’BS 99, é45DOF*’\I14505-R 6. Whitesides. G. MPh on monolayers on Au. XPS data are consistent with an ordered

(24) Laibinis, . E.; Bain, C. D.; Nuzzo, R. G.; Whitesides, G. MPhys. monolayer, but HATR-IR data are consistent with a disordered

Chem.1995 99, 7663-7676.
(25) Miwa, Y.; Machida, K.J. Am. Chem. Sod.989 111, 7733-7739. monolayer.
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Figure 7. Three possible outcomes for the reaction of monolayefsarid 1-octadecene with the Grubbs’ catalyst and an olefin in solution.
(a) Areas with well-ordered monolayersAfmay be too sterically hindered to allow the Grubbs’ catalyst to react. (b) Olefins on the monolayer
may react with each other or (c) with an olefin in solution.
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Figure 8. (a) Olefin-terminated monolayers reacted with an olefin in solution with 15 fluorines to yield fluorinated surfaces. These surfaces
were studied by XPS to describe the relative amounts of fluorine on the monolayers. (b) Amount of fluorine on these surfaces as a function
of the mole fraction ofA used in the assembly of the monolayer. The line is drawn as a guide to the reader and is not fitted from an equation.

Cross Metathesis on Olefin-Terminated SAMs.We first allow for low catalyst loadings and quantitative cross metathesis
explored a simple cross metathesis reaction between tworeactions, it is important to note that these conditions were for
molecules of undecylenic acid to learn which conditions are olefins in solution rather than those on monolayers. Olefins
needed to push the reaction to completion (Figure 6). Theseexposed on a monolayer may undergo three different reactions
reactions were stopped after a period of time, the solvent waswhen reacted with the Grubbs’ catalyst in the presence of an
removed, and the yield was studied ¥y NMR spectroscopy. olefin in solution (Figure 7). First, olefin-terminated monolayers
Hydrogens on the starting olefin appeared at 5.0 and 5.8 ppm,may react with olefins in solution and yield functionalized surfaces
and those on the product appeared at 5.4 ppm; the yield was(option no. 1in Figure 7). Second, olefins on the monolayer may
simple to determine on the basis of this information. We choose undergo cross metathesis with each other (option no. 2 in Figure
to use undecylenic acid for our test reaction as it has a high 7). Third, olefins on the monolayer may be too sterically hindered
boiling point that limited its loss under vacuum (boiling point from reacting with the Grubbs’ catalyst (option no. 3 in Figure
of 137°C at 2 mm of Hg) and a carboxylic acid. Monolayers 7). These three possible outcomes complicate our interpretation
functionalized with carboxylic acids are important as they can of olefin-terminated monolayers that reacted with the Grubbs’
be readily reacted to expose more complex molecules. catalyst and an olefin in solution.

The reaction conditions that we tried are shown in Table 2.  To study the yield of cross metathesis on olefins exposed on
Initial attempts in xylene, silicon oil, tetrakis(ethylene glycol), a monolayer, we synthesized gHCH(CH,)sOCH,(CF,)sCFs
and poly(ethylene glycol) were not successful due to poor catalyst (Figure 8). The fluorines on this molecule gave us a unique
solubility. Heating these reactions to speed the reaction or placinghandle in the XPS that we could use to study cross metathesis
them under vacuum to remove ethylene increased the yield buton monolayers. We first assembled monolayers on silicon from
were ultimately unsuccessful. Refluxing methylene chloride was different ratios ofA and 1-octadecene. Next, we reacted these
attempted as the catalyst was soluble in this solvent and refluxingmonolayers with the Grubbs’ catalyst and £+CH(CH,)o-
helped remove ethylene from the reaction mixture to drive the OCH,(CF,)sCF;in refluxing methylene chloride. Finally, these
reaction forward. The yield of this reaction wa®©7% by!H surfaces were studied by XPS for C, F, Si, and O. The results
NMR and worked for all olefins that we attempted. are shown in Figure 8b.

Cross Metathesis between Olefin-Terminated Monolayersand These experiments showed that the highest concentration of
Fluorinated OlefinsAlthough we found reaction conditions that ~ fluorine on the surface was observed for monolayers assembled
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Table 3. Cross Metathesis between Olefin-Terminated Monolayers and Functional Olefins in Solution

XPS composition (%) HATR-I R spectroscopy
entry olefin C Si SiQ F o va(CHp) (cm™2) v(CHy) (cm™?) »(C=0) (cm™?)
1 CH;=CH(CH,)sCOH 58 22 0 0 20 2924 2854 1739, 1700
2 CH,=CH(CH,)sOH 67 23 0 0 10 2925 2855 1739
3 CH,=CH(CH,)sCHO 68 19 0 0 12 2925 2854 1730

a After cross metathesis with the monolayer, the alcohol was reacted with acetyl chloride. We report the carbonyl peaks of the ester.

from 50%A and 50% 1-octadecene. Interestingly, monolayers

assembled only fromA had a lower amount of fluorine on the

surface. This result suggests that either cross metathesis between cIc
olefins on the monolayer was significant or that the monolayers

were too ordered to fully react with the Grubbs’ catalyst. For

surfaces with decreasing mole fractions Afused in their N

assembly, the amount of fluorine observed by XPS slowly 100 80 60 40 20 O

decreased. The shape of the curve in Figure 8 is complex due Mole % \/\/\/\/j

to the three possible reactions outlined in Figure 7, steric crowding Cli~r~ro

of olefins on the surface that have reacted and block the Grubbs’Figure 9. Ratio of the areas of the CI(2p) and C(1s) peaks from
catalyst from unreacted olefins on the surface, and different the XPS of monolayers assembled from S4€H(CH;)gO(CH,)s-
packing of monolayers after cross metathesis. Despite theCland 1-octadecene. Theaxis shows the mole percent of gH
limitations in fully characterizing the shape of the curve, itclearly CH(CHsO(CH)sCl used in the assembly of the monolayers.

y = 0.0342x + 0.1184
R?=0.9957

o =~ N W »

describes how to optimize the concentration of reacted olefins a)  -COOH b)  -CHO
on the monolayer.
These experiments also clearly demonstrated that monolayers
assembled from C=CH(CH,)¢O(CH,)sCH=CH, exposed
olefins on the surface that were reactive with the Grubbs’ catalyst.
Monolayers assembled from 1l-octadecene that did not display
olefins were not reactive with the Grubbs’ catalyst. These 1780 1720 1660 1780 1720 1660
monolayers did not show any fluorine in the XPS after reaction wavenumer (cm-) wavenumer (cm'?)
with the Grubbs’ catalyst and GHCH(CH,)sOCH,(CF,)sCFs ¢) -CH,0COCH, d) -CH,Br
(Figure 8).
We estimated the yield of cross metathesis between olefins
on the surface and those in solution for a monolayer assembled
from a 1/1 mole ratio oA to 1-octadecene after making several
reasonable assumptiots?® We first assumed that the ratio of
A to 1-octadecene in solution will match the ratio on the surface 1780~ 1720 1660 75 70 65
this assumption will be supported by experimental evidence in wavenumer (cm") binding energy (eV)

the following section. Next, we assumed that the monolayer was Figure 10. HATR-IR spectrographs of the carbonyl regions for
well-packed and that the fluorinated alkane was found on the monolayers reacted with (a) GHCH(CH,)sCO,H, (b) CH~=CH-

top. We used 35.4 A for the attenuation length of electrons through I(CHZ)SCE'O’ and (c) CH:(]ICH.(%:HZEOH- The alcohols or} mcr>]no-
the monolayer and estimated the ratio of F to C if all of the \aYers that were reacted with GHCH(CHy)OH were further

4 - C . . functionalized with CICOCHito yield ester-terminated monolayers
surface olefins reacted with olefins in solutithWith these which were characterized by HATR-IR spectroscopy. These spec-

assumptions, the value for F/C was 0.30 which is twice the trographs show the presence of carbonyl peaks. (d) High-resolution
observed value of 0.15. This estimate indicates that approximatelyXPS of the Br(3d) region for an olefin-terminated monolayer after
half of the olefins on the surface reacted with olefins in solution; reaction with CH=CH(CH,)¢Br. This XPS shows the presence of
the remaining olefins either reacted by cross metathesis with Br on the surface.
another olefin on the surface or remain unreacted. Although this
estimate for the “yield” encompasses several approximations, it
provides a description for how many surface-bound olefins react
with olefins in solution for a monolayer assembled from a 1/1
mole ratio ofA to 1-octadecene.

We studied these surfaces by HATR-IR spectroscopy but could

relates to their final composition. For instance, we do not know
if a 1/1 molar ratio ofA to 1-octadecene in solution results in

a 1/1 ratio of these molecules in the monolayer. The studies that
we discussed previously cannot describe the composition on the
surface due to potential cross metathesis between olefins on the
monolayers and incomplete cross metathesis between olefins in

not distinguish between the three different outcomes shown in : .
. . solution with those on the surface. We needed a cleaner system
Figure 7. Due to strong absorptions below 1500 §HATR-IR .
to study the composition of monolayers assembled from two

spectroscopy on Si(111) shards cannot image peaks below thisdifferent molecules
cutoff, and the peaks in the-€H region were too broad to :

Co e . ’ Tolearn how the composition of solutions used in the assembly
distinguish the different olefins that may be present on the surface. ' o .
. relates to the final composition of monolayers, we synthesized
Nevertheless, these results are important as we learned how t

optimize the ratio oA to 1-octadecene in solution to functionalize %HIF(:'H (ngo(cr';' 2)oCl Mrc])_nilayers assemblled from th|s|
surfaces. molecule will have the same thickness as a monolayer assembled

Composition of Mixed Monolayers. We do not know how from 1-octadecene and expose a chlorine on the top of the

. ) . monolayer. By measuring the ratio of chlorine to carbon by XPS
the ratio ofA to 1-octadecene used in the assembly of monolayers for monolayers assembled from mixtures of SHCH(CHy)sO-

(26) Lamont, C. L. A.; Wilkes, JLangmuir1999 15, 2037-2042. Laibinis, (CHy)6Cl and 1-octadecene, we can learn the composition of
P. E.; Bain, C. D.; Whitesides, G. M. Phys. Cheml1991, 95, 7017-7021. these monolayers. Our results in Figure 9 demonstrate that the
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Figure 11. Carbonyl peak at different reaction times for cross
metathesis between an olefin-terminated monolayer ang-Ci-
(CH,)gCOH. The carbonyl peak rapidly grew in intensity but did not

1725 1710 1695

appreciably change after 36 h, indicating that the reaction was

complete.

ratio of CH,=CH(CH,)9O(CH,)sCl to 1-octadecene in solution

closely follows the ratio of these molecules in the monolayer.

Dutta et al.

after this time. Because surface reactions can show much different
kinetics than those in solution, we decided to follow the reaction

of CH,=CH(CH,)sCOH with an olefin-terminated monolayer

as a function of time (Figure 11). Specifically, we studied the
carbonyl peak as it appeared separated from other peaks and had
a strong intensity. We assembled mixed monolayers from a 1/2
molar ratio of CH=CH(CH,)¢O(CH,)sCH=CH,/1-octadecene
onseveralsilicon shards and subjected them to the cross metathesis
conditions for 6, 12, 24, 36, and 48 h. The shards were rinsed
and studied by HATR-IR spectroscopy. The results of these
experiments show that the carbonyl peak grew in rapidly within
24 h and did not increase from 36 to 48 h (Figure 11). This
demonstrated that the reaction between olefins on the surface
and olefins in solution was complete within 48 h.

Patterning Monolayers on the Micrometer Size-Scale Using

Cross Metathesis with Olefins Exposing Useful Functional Soft Lithography. In this section we will report methods to
Groups.Since the Grubbs’ catalyst is stable in the presence of pattern these monolayers on the micrometer-size scale by soft
many functional groups, monolayers displaying a variety of lithography. Specifically, we patterned PDMS on the micrometer-
different functional groups can be synthesized. To demonstratesize scale such that a series of microchannels were formed when
this potential, we reacted monolayers assembled from B0% a PDMS stamp was placed against a silicon wafer. These
and 50% 1-octadecene with olefins terminated with alcohols, microchannels were easily accessible by an external syringe pump
bromides, aldehydes, and carboxylic acids. We studied theseto add reagents only to the microchannels. Monolayers in contact
surfaces by XPS and HATR-IR spectroscopy (Table 3 and Figure With PDMS were protected from reaction. We chose soft
10). These results indicated that each monolayer was function-lithography as these techniques have become well accepted in
alized with an olefin and exposed different functional groups on the scientific community, they are used to pattern monolayers
the surface. on gold, and their applications to form microfluidic channels are

Kinetics of Reaction of Olefin-Terminated Monolayers with becoming increasingly importafit Generating patterns by soft
CH, =CH(CH)sCOH. We wished to probe how quickly the  lithography is rapid as PDMS stamps are readily manufactured
surface was functionalized by reaction with the Grubbs’ catalyst. in under 24 res
All of our cross metathesis reactions were run for 48 h on the  Our general method is outlined in Figure 12. To demonstrate
basis of analogy with the solution-phase reaction that is completethis method, we patterned monolayers through cross metathesis

a)
gl(;aggl-gﬁrarpinaled oy 1) Fill microchannels
C 1y Cl Y3 with Brush polymer
on Si(111) ) C|’Rlu=‘Ph |i CO.H
PCys;
- >
2) Place PDMS 2) Rinse and remove
stamp on Si Grubbs’ catalyst- PDMS stamp Rotate PDMS
terminated monolayer ) stamp and
1) Fill microchannels
with place on surface
Brush COH
2) Rinse and remove
PDMS stamp

)

polymer

Figure 12. (a) Method for patterning olefin-terminated monolayers on Si(111) with the Grubbs’ catalyst. First, we assembled a mixed
monolayer ofA and 1-octadecene. Next, we immersed the silicon wafer in a solution of the Grubbs’ first generation catalyst for 15 min.
The Grubbs’ catalyst attached to the monolayer by cross metathesis with an olefin on the surface. A PDMS stamp was then placed on the
monolayer to form microfluidic channels on the surface. Next, a solution of an olefin filled the channels by an external syringe (not shown).
Monolayers in contact with PDMS were not exposed to the olefins and did not react. Aft&01%in, the channels were rinsed and the

PDMS stamp was removed and turned 8efore being placed on the monolayer again. A new solution of an olefin added to the channels.
Finally, the channels were rinsed, the PDMS stamp was removed, and the silicon wafer was rinsed. (b) SEM micrograph of crossed brush
polymers synthesized as in part a. (c and d) SEM micrographs of monolayers reacted by cross metathesis@ith(CH,)sCO,H to expose

acids along the surface. In these experiments=€EH(CH,)sCO,H was added to the microchannels rather than 5-norbornene-2-carboxylic

acid. The image in d is a close-up of the image in c.
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and ring opening polymerizations (ROMP). In a one example we reported methods to further functionalize them to expose DNA,
chose to grow polymer brushes from the surfaces using ROMP proteins, and other important molecules. Thus, the method we
as the Grubbs’ catalyst polymerizes strained monomers underreportin this paper is applicable to the complex functionalization
living conditions. We chose to synthesize polymer brushes of of monolayers on silicon.
5-norbornene-2-carboxylic acid because it polymerizes rapidly  This work may have applications in a variety of areas that
and exposes carboxylic acids on the surface (Figure 12b). Theseemploy monolayers on silicon. Efforts to selectively functionalize
polymer brushes were covalently attached to the surface andits surface by organic chemistry are critical for applications in
could not be washed from the surface. In a second example webiotechnology and nanotechnology, such as biosensors and
patterned monolayers by cross metathesis using solutions ofnanoelectronic chips that exploit the unique electronic properties
CH;=CH(CH,)sCO,H (Figure 12c,d). These methods demon- of silicon. Our simple synthetic route # facilitates use of the
strate that we can pattern monolayers using either cross metathesipatterning methodology reported here also by researchers that
or ROMP. are not skilled in organic synthesis. In addition, the ability to
pattern these monolayers on silicon with a wide variety of end
Conclusions groups using soft lithography, i.e., microfluidic patterning and
microcontact printing, further expands their applicability to cases
where localized tailoring of physical and chemical surface
properties is desired.
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characterization of monolayers &, the cross metathesis of
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