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Thesurfacevi brational spectroscopy of ethanol (C,HsOH, ethyl a co hol): water bi nary mix ture, or the
aqueoussolutionof ethanal,isinvesti gated viasumfrequency gener ation (SFG) inthe OH re gion (3000 to
3900 cm™). Thebulk molar ratio of theeth anol isvar ied fromx = 0.0024 to 0.20. Our con cen trationde pend-
enceresultssup port thestatement that thesur faceden sity of water mol eculeswithafreedan gling OH bondis
about 25% intheair/water inter face. It alsoin di catesthat the ethyl group of the sur face ethanol mol ecules
sticksout abovethenomi nal sur face, whilethehydroxyl groupaloneisimmersedinthemix turesolution. And
thesur facelayer isamixed monolayer. We havedem on strated herethat aLiNbOscrystal containing-OH can
besuf fi cient for the SFG spectroscopy measurementinthe-OH regionregardlessof itsabsorptiondip.

INTRODUCTION

Sumfrequency gener ation (SFG) isasur facesensi tive
tool pi o neered by Shen.! Thesur facespeci ficity arisesfrom
thesensi tiv ity toward thebreak ing down of theinver sion
symmetry at thesur faceor inter face, while centrosymmetry
tendstoprevail inthebulk media. A molecular vi brationhas
tobebothinfrareda lowedand Ramanactiveinor dertohave
resonanceen hanced contri butiontothesecond-order nonlin
ear suscepti bil ity®, the square of whichis pro por tional to
theintensity of the SFG signal. Y et thiscan not possi bly be
truefor acentrosymmetricmol ecule, media, material or bulk:
ei thertheinfraredtransi tiondi polemoment orthederivative
of the Raman polarizability will haveto vanish. Therefore
thereisnobulk contri butionfor theSFGintheelectric-dipole
ap prox i mation. Whilethebulk ef fect that co mesfromthe
€lectric quadrupole mo ment or the mag netic di polemo ment
canusually beignoredor sup pressedrel ativetothesur face
contri bution, thefor biddenSFG only oc cursin centro sym-
metric mediawith electronsconfinedtotheneigh bor hood of
anearby nucleusun der largefield gradi ent acrossthein ter-
face.?

Theliquidinter facestudy via SFG wasalso pi o neered
by Shen.>** Shen’s group,® fol lowed by other groups”® has
obtainedtheair (liquid)/water SFGspectra. They assigned

the 3200, 3400 cm™* broad featuresto be OH stretchesasso ci-

ated with the OH hy dro gen-bonded to neigh bors, and the
3680 cm™ peak to be OH stretch as so ci ated with free dan

gling OH bonds. Meth anol and ethanol havealsobeeninves

tigated.? Upon mixing methanol withwater, thepeak strength
of the 3680 cm* isob served to bede creased, and com pletely

de pleted when the bulk con centration of 11%invol umeis
reached for themeth anol in mix ture.® That cor re spondsto a
bulk molar ratio around 5.2% (x = 0.052) and a sur face con

centration of 25% (x = 0.25) *accordingto Shen’ sinter preta

tion®of Kipling’ scal culated ad sorp tioniso therm based on

surfacetensionmeasurements.*® While our value of sur face
density is29%for bulk x =0.052 ex tracted from the sameiso

therm.

Thesur facevi brational spectraof methanol:water bi
nary mix tureinthe-CH re gion via SFG has been pub lished
by Huang and Wu*! and Laubereau et al *? Asfor theeth anol
(C2HsOH):water mix ture, Kleinetal.**** haveex amined the
0.1 M (about 0.18% or x = 0.0018) so lutioninliquid/vapor
interfaceviamoleculardynamicsimulation. Thesegregation
of theeth anol at the sur faceisob served, in agree ment with
theneutronreflectivity measurements® Re cent sur faceten
sionmeasurements'®*’ andcal culatedad sorptionisotherms'®
arealsoavail ablefortheaqueoussolutionof ethanal, yetfor
the pur pose of com par i son with the SFG work of Shenet al.
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and Laubereau’ s group, we stay with Kipling’'siso thermin
thediscussionsection.

EXPERIMENTAL

Our SFG ap paratusisaslight modi fi cation of theone
re ported by Huang and Shen.*® The pumping source, Con'tin-
uumPY 61C-20: Nd Y AG modelocked laser gener ates 35 pi-
coseconds, 1064 nm, 35mJpulseat 20Hzrepeti tionrate. The
laser out put is split into three branches: 1) 20% of the power
is split first to pump a LiNbOsopti cal parametricgener ator
(OPG) system, 2) 40% of the power, com bined with the OPG
out put, isused for the LiNbOzopti cal parametricamplifier
(OPA),yieldingtunableinfrared pulseswithtuning range of
2400-3900 cm™ which can cover the C-H and O-H stretching
regions. 3) Theresid ual beamwith 40% en ergy prop agates
fur ther through al BO frequency doubler, pro ducing the 532
nmyvisi blelight.

Thevisi blelight and theinfrared beam (idler only) are
over lapped over thesam plesur face, wherethesum frequency
gener ation (SFG) oc cursand prop agatesal ongwiththevisi-
blelight that isreflect ing away from the sam ple sur faceto-
wardsthedetectionsystem. Theoverlappingalignmentisop-
ti mized at 3400 cm™. Pulse en er gieswere 160 1J for the IR
and 1.2mJforthevisi ble. Anglesof inci dencewithrespectto
thesur facenor mal were55° and 407 for theinfrared and visi-
ble. ThelR beamwasfo cusedinto 0.5 mm spot di am eter, and
thevisi blewasfocuseddeliber ately belowthesamplesurface
sothat thespot di am eter ontheplaneisequal to2mm. Thisis
to en surethat the IR beam al ways movesin side the green
beam to avoid walk-off ef fect dur ing the an gle-tuning of
LiNbO;crystals.

Thedetection systemfor the SFG consistsmainly of a
Hamamatsu R955 photo mul ti plier tube. Spatial fil teringand
two pieces of OMEGA op ti cal fil ter 465DF55 are used to
sup pressthe 532 nm scat tered light. A 30 cm lensisin serted
toreshapethedi ver gent SFG beam, fol lowed by asec ond 5
cm lensto collimate the beam again in front of the PMT.

Our LiNbOs crystal is not hydroxyl (OH) free, and an
absorptiondipduetothislieson3491 cm™. Thecrystal dip, a
micafilm, and apoly sty renefilmareused asdi rect cal i bra-
tionstandardsfor theidlerfrequencies.

A ZnSefil ter isusedto sep aratethe 1064 nm pumping
beam and the IR beams (in clud ing both the sig nal and the
idler). The sec ond har monic gener ation of thesig nal beam
oc curson the ZnSefil ter aswell, and is sent into a photo di-
odebehindaJobinY vonH20 mono chromator. It servesasthe
indirectcal i brationstandardfor theidler beam.
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All of theabovecal i brations, di rect orindi rect, are per
formed si mul taneously withthemeasurementsof the SFG
signalstomini mizetimedrifting.

Thecrystal dipeventually doesnotjeopar dizeour SFG
spectrumof solutionsam ples, sinceweareableto cor rect this
by nor mal izingtheliquid spectrumwiththe SFG spectrum of
ay-cut crystal linequartz platethat isplaced at the sam ple po
sitionbeforeor af terthemeasurementsfor theliquidsamples
aretaken.

Thewater we useisdeionized water with 18.2 M{l/cm
resistivity fromaMilliporefil tration system, whilespectral
grade ethanol ispur chased from Merck. Like Laubereau et
al *ourair/liquidresultsarecar ried out at roomtem per ature
under nor mal condi tions. They did ruleout thepossi bil ity of
surfacecontami nationfor theair/methanol:water case, since
no changeswere seenfor SFG spectrawith ni trogen purging.
Weassumethisistruefor the case of air/eth anol:water as
well. All of themix turessam plesarefreshly made beforethe
measurements. Thebulk con centration of theethanol isvar
iedintherangefrom x = 0.0024 to x = 20. Neat water (x = 0)
and ethanol (x = 1) spectraarealso re peated here. A tef lon
cell isused astheliquid samplecontainer.

RESULTS AND DISCUSSION

The polarization combination of s-s-p for sum fre-
guency (), green (s) and idler out put (p) isused for all of the
SFG spectrapresented here. Fig. 1 showsour con centration
dependenceof theethanol:water SFG spectraintheair/liquid
interface.

We can seethat along with theraising of the eth anol
bulk con centration, the sharp featurein our SFG spec tradue
to the free OH stretch dis ap pearsinto abroad flat feature
gradually, just likewhat hap pensin meth anol:water. Itis
com pletely flat when it reaches x = 1.6% and higher. The
sharp feature peaksat 3721 cm'* in stead of 3680 cm™ for our
neat water, and peak posi tionvar iesfor mix turesof var i ous
concentrations(seeTablel).

InKipling’ spaper'°twoad sorptionisothermsexist for
theethanol:water solution, andthey predict dif fer ent bulk
concentrationfortheethanol surfaceconcentrationtoreach
25%, which isthe ratio that the sharp 3680 cm™ band for free
OH stretchtodisap pearinamethanol :water solution. Shen’s
speculationisthat onesur facemethanol mol eculecanelimi
nate one dan gling OH; therefore, the sur face den sity of the
water mol e culesthat carry adan gling bond must be 25% as
well. If this“oneal co hol to onedan gling bond” relation ap-
pliesto ethanol:water equally well, wethen ex pect to seethe
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OH dan gling bond to di minish at the same eth anol sur face

concentration.

The two different isotherms of ethanol:water mix-
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tures,'°labeledherel and |1, cor respond totwo dif fer ent con
di tionsforan-alkyl al cohol tostand abovetheliquidsurface:
Isotherm| isbased on acon di tion where an n-alkyl
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Fig. 1. Preliminaryvibrational sumfrequency gener ationspectraof theliquid/airinter facefor thesystemof ethanol :water
solutionswithvari ousbulk concentrationsof ethanol ex pressedintermsof molarratio (x). ssppolarizationcombi na
tionisused for sum fre quency, visi bleand in frared pulses, re spec tively. Solid curves are the re sults of five-

point-smoothingthroughex peri mental datapoints.
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Table 1. The Peak Position of the Free OH Sretch Versus the
Ethanol Bulk Concentration

Bulk molar ratio Frequency in cm?

0% 3721
0.24% 3714
0.47% 3722
1% 3732
1.6% 3727

groupisstick ing out of theso lu tion abovethenomi nal sur-
face plane, and only the hydroxyl group isim mersed. The
sur facelayer of the mix tureiscon sid ered as amixed mono-
layer. Thisisasinglelayer picturewithrespecttoei ther the
al co hol or thewater mol ecules. It predictsthat an 18% sur-
faceden sity of ethanol at bulk x = 0.01 (1%), a29% sur face
density at x = 0.016, and a50% den sity at X = 4.4%.

Isotherm || as sumesthat the n-alkyl group istotally
immersedinsidethesolutionunder thenomi nal surface. In
this case, the ethyl group goes asfar as ap prox i mately two
water lay ersdeepintothesolution. Andthesurfacelayer can
becon sid ered asamonolayer withre spect to a co hol only,
and meanwhilea dou blelayer withrespecttowater mol e
cules. Thisisad dressed asthedou blewater layer picture. It
isbased onthesamesur facetensionandactivity coef fi cients
measurements, andthereforethesamecal culated sur faceex-
cessfor ethanol aslsotherml, only theex tranum ber of wa-
ter mol e culesaretakeninto ac count to cal cu latetheto tal
num ber of the sol ute and sol vent in the sur face layer. It pre-
dictsa11% sur face den sity of ethanol at bulk x = 0.010, a
19% density at x =0.016 (1.6%) and a50% sur faceden sity at
bulk x =11%.

Inthecaseof amethanol:water solution, thedif fer ence
betweenthetwoisothermsisnot ap preciable, but whenthe
n-alkyl chainlengthin creases, the num ber of water mol e-
culesthat inter act with thealkyl chainin creases, too. Thus
arisesthediscrepancy.

Both mod els agreethat the sur face eth anol stands per-
pendiculartothenomi nal sur face, with-OH facingthebulk,
while the -CHs isfacing theair. Thisagreeswith Klein's ob-
servationfromhiscal culated surfacestructurefor ethanol:
water so lu tion that the ethyl group points out of the so lu
tion.”®

At bulk x = 0.010, isotherm |1 predictsasur face den-
sity of 11%, whileisotherm | predictsthat of 18%for eth a-
nol. Inei ther casethereshould still beap preciableintensity
forfreeOH contributedfromtheresid ual danglingbond. And
indeeditissoasthespectrafor x = 1.0% shows: thesharpfea-
turedoesnot vanishinto back ground.

Juetal.

At bulk x = 0.016, isotherm |1 predictsasur face den
sity of 19% for ethanol, while isotherm | predictsthat of
29%. If isotherm| isbased onamorereal istic model than
isotherm 1, then the free OH peak should be de pleted to
nearly back ground at thiscon centration, and viceversa. And
indeedweobserveavery flat, if any, featureatthisconcentra
tion. Wethuscon cludethat in stead of thewhol e eth anol mol
ecule, only theOH bondisimmersedinthemix turesolution.
Andthesingle(water) layer pictureshouldprevail, ex cluding
thedoublewater layer picture.

Al though the sharp feature dueto free OH hasdisap
peared for the bulk con cen tration x = 1.6% and above (we
have checked 5%, 14%, 20%) and turned into flat, plateau
likefeature, wecanstill detect thedecrease of the SFG sig nal
fromthe PMT asweblock thein frared beam unto the sam ple
surface. Al thoughtheresonantcontri butiontox® hasturned
intoanon-resonant part, the pop ulation of thoseoncefree OH
hasnot just vanished. They should benow hy dro gen - bonded
to OH of theeth anol mol ecules, theenvi ronmentbeingin
homo geneous; thereforetheoncesharp featurehasspread it
self into abroad ened one.

Withtheel evationof ethanol bulk concentration, the
broad water feature at 3200, 3400 cm* dueto sur facewater
mol eculesthat are hy dro gen-bonded among each other does
not seem to change much ex cept at x = 0.0024 (0.24%). The
ethanol addedintothepurewater couldindeed at tack thefree
OH first, leavingtheice-likeor dered structuresal onefor eth
anol concentrationbelowx =1.6%. Butfortheconcentration
higher than 1.6% and be low 20% in our work, with all of the
25% free OH beentaken, wecould not ruleout thepossi hil ity
that theex cessethanol might starttointer act withthosewater
mol eculesthat areintheice-likestructures. Theintensity of
theor dered struc ture does not seemto changedramat i cally,
but the broad 3200 to 3400 cm featuresgrad u ally grow nar-
row, resem bling moreand morethosefor the neat eth anol.
Thelow ering of the or dered struc turesinten sity at 0.24%
might beasso ci ated withtheon set of seg regation of sur face
ethanol at 0.18%. Could the seg re gationtake place at the ex-
pense of tum bling down part of the or dered struc ture? This
remainsto besolvedinfuturework.
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