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The sur face vi bra tional spec tros copy of eth a nol (C2H5OH, ethyl al co hol): wa ter bi nary mix ture, or the
aque ous so lu tion of eth a nol, is in ves ti gated via sum fre quency gen er a tion (SFG) in the OH re gion (3000 to
3900 cm-1). The bulk mo lar ra tio of the eth a nol is var ied from x = 0.0024 to 0.20. Our con cen tra tion de pend -
ence re sults sup port the state ment that the sur face den sity of wa ter mol e cules with a free dan gling OH bond is
about 25% in the air/wa ter in ter face. It also in di cates that the ethyl group of the sur face eth a nol mol e cules
sticks out above the nom i nal sur face, while the hydroxyl group alone is im mersed in the mix ture so lu tion. And 
the sur face layer is a mixed monolayer. We have dem on strated here that a LiNbO3 crys tal con tain ing -OH can
be suf fi cient for the SFG spec tros copy mea sure ment in the -OH re gion re gard less of its ab sorp tion dip.

IN TRO DUC TION

Sum fre quency gen er a tion (SFG) is a sur face sen si tive
tool pi o neered by Shen.1 The sur face spec i fic ity arises from
the sen si tiv ity to ward the break ing down of the in ver sion
sym me try at the sur face or in ter face, while centrosymmetry
tends to pre vail in the bulk me dia. A mo lec u lar vi bra tion has
to be both in fra red al lowed and Raman ac tive in or der to have
res o nance en hanced con tri bu tion to the sec ond-order non lin -
ear sus cep ti bil ity (2), the square of which is pro por tional to
the in ten sity of the SFG sig nal. Yet this can not pos si bly be
true for a centrosymmetric mol e cule, me dia, ma te rial or bulk: 
ei ther the in fra red tran si tion di pole mo ment or the de riv a tive
of the Raman polarizability will have to van ish. There fore
there is no bulk con tri bu tion for the SFG in the elec tric-dipole 
ap prox i ma tion. While the bulk ef fect that co mes from the
elec tric quadrupole mo ment or the mag netic di pole mo ment
can usu ally be ig nored or sup pressed rel a tive to the sur face
con tri bu tion, the for bid den SFG only oc curs in centro sym -
metric me dia with elec trons con fined to the neigh bor hood of
a nearby nu cleus un der large field gra di ent across the in ter -
face.2

The liq uid in ter face study via SFG was also pi o neered
by Shen.3,4,5  Shen’s group,6 fol lowed by other groups7,8 has
ob tained the air (liq uid)/wa ter SFG spec tra. They as signed

the 3200, 3400 cm-1 broad fea tures to be OH stretches as so ci -
ated with the OH hy dro gen-bonded to neigh bors, and the
3680 cm-1  peak to be OH stretch as so ci ated with free dan -
gling OH bonds. Meth a nol and eth a nol have also been in ves -
ti gated.9 Upon mix ing meth a nol with wa ter, the peak strength 
of the 3680 cm-1 is ob served to be de creased, and com pletely
de pleted when the bulk con cen tra tion of 11% in vol ume is
reached for the meth a nol in mix ture.6 That cor re sponds to a
bulk mo lar ra tio around 5.2% (x = 0.052) and a sur face con -
cen tra tion of 25% (x = 0.25)3 ac cord ing to Shen’s in ter pre ta -
tion3 of Kipling’s cal cu lated ad sorp tion iso therm based on
sur face ten sion mea sure ments.10 While our value of sur face
den sity is 29% for bulk x = 0.052 ex tracted from the same iso -
therm.

The sur face vi bra tional spec tra of meth a nol:wa ter bi -
nary mix ture in the -CH re gion via SFG has been pub lished
by Huang and Wu11 and Laubereau et al.12  As for the eth a nol
(C2H5OH):wa ter mix ture, Klein et al.13,14 have ex am ined the
0.1 M (about 0.18% or x = 0.0018) so lu tion in liq uid/va por
in ter face via mo lec u lar dy namic sim u la tion. The seg re ga tion
of the eth a nol at the sur face is ob served, in agree ment with
the neu tron re flec tivity mea sure ments.15 Re cent sur face ten -
sion mea sure ments16,17 and cal cu lated ad sorp tion iso therms18

are also avail able for the aque ous so lu tion of eth a nol, yet for
the pur pose of com par i son with the SFG work of Shen et al.
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and Laubereau’s group, we stay with Kipling’s iso therm in
the dis cus sion sec tion.

EX PER I MEN TAL

Our SFG ap pa ra tus is a slight mod i fi ca tion of the one
re ported by Huang and Shen.19 The pump ing source, Con tin -
uum PY 61C -20: Nd YAG mode locked la ser gen er ates 35 pi -
co sec onds, 1064 nm, 35 mJ pulse at 20 Hz rep e ti tion rate. The 
la ser out put is split into three branches: 1) 20% of the power
is split first to pump a LiNbO3 op ti cal para met ric gen er a tor
(OPG) sys tem, 2) 40% of the power, com bined with the OPG
out put, is used for the LiNbO3 op ti cal para met ric am pli fier
(OPA), yield ing tun able in fra red pulses with tun ing range of
2400-3900 cm-1 which can cover the C-H and O-H stretch ing
re gions. 3) The re sid ual beam with 40% en ergy prop a gates
fur ther through a LBO fre quency doubler, pro duc ing the 532
nm vis i ble light.

The vis i ble light and the in fra red beam (idler only) are
over lapped over the sam ple sur face, where the sum fre quency 
gen er a tion (SFG) oc curs and prop a gates along with the vis i -
ble light that is re flect ing away from the sam ple sur face to -
wards the de tec tion sys tem. The over lap ping align ment is op -
ti mized at 3400 cm-1. Pulse en er gies were 160 J for the IR
and 1.2 mJ for the vis i ble. An gles of in ci dence with re spect to 
the sur face nor mal were 55° and 40  for the in fra red and vis i -
ble. The IR beam was fo cused into 0.5 mm spot di am e ter, and
the vis i ble was fo cused de lib er ately be low the sam ple sur face 
so that the spot di am e ter on the plane is equal to 2 mm. This is
to en sure that the IR beam al ways moves in side the green
beam to avoid walk-off ef fect dur ing the an gle-tuning of
LiNbO3 crys tals.

The de tec tion sys tem for the SFG con sists mainly of a
Hamamatsu R955 photo mul ti plier tube. Spa tial fil ter ing and
two pieces of OMEGA op ti cal fil ter 465DF55 are used to
sup press the 532 nm scat tered light. A 30 cm lens is in serted
to re shape the di ver gent SFG beam, fol lowed by a sec ond 5
cm lens to collimate the beam again in front of the PMT.

Our LiNbO3 crys tal is not hydroxyl (OH) free, and an
ab sorp tion dip due to this lies on 3491 cm-1. The crys tal dip, a
mica film, and a poly sty rene film are used as di rect cal i bra -
tion stan dards for the idler fre quen cies.

A ZnSe fil ter is used to sep a rate the 1064 nm pump ing
beam and the IR beams (in clud ing both the sig nal and the
idler). The sec ond har monic gen er a tion of the sig nal beam
oc curs on the ZnSe fil ter as well, and is sent into a photo di -
ode be hind a Jobin Yvon H20 mono chro ma tor. It serves as the 
in di rect cal i bra tion stan dard for the idler beam.

All of the above cal i bra tions, di rect or in di rect, are per -
formed si mul ta neously with the mea sure ments of the SFG
sig nals to min i mize time drift ing.

The crys tal dip even tu ally does not jeop ar dize our SFG
spec trum of so lu tion sam ples, since we are able to cor rect this 
by nor mal iz ing the liq uid spec trum with the SFG spec trum of
a y-cut crys tal line quartz plate that is placed at the sam ple po -
si tion be fore or af ter the mea sure ments for the liq uid sam ples
are taken.

The wa ter we use is deionized wa ter with 18.2 M /cm
re sis tiv ity from a Millipore fil tra tion sys tem, while spec tral
grade eth a nol is pur chased from Merck. Like Laubereau et
al.12 our air/liq uid re sults are car ried out at room tem per a ture
un der nor mal con di tions. They did rule out the pos si bil ity of
sur face con tam i na tion for the air/meth a nol:wa ter case, since
no changes were seen for SFG spec tra with ni tro gen purg ing.
We as sume this is true for the case of air/eth a nol:wa ter as
well. All of the mix tures sam ples are freshly made be fore the
mea sure ments. The bulk con cen tra tion of the eth a nol is var -
ied in the range from x = 0.0024 to x = 20. Neat wa ter (x = 0)
and eth a nol (x = 1) spec tra are also re peated here. A tef lon
cell is used as the liq uid sam ple con tainer.

RE SULTS AND DIS CUS SION

The po lar iza tion com bi na tion of s-s-p for sum fre -
quency (s), green (s) and idler out put (p) is used for all of the
SFG spec tra pre sented here. Fig. 1 shows our con cen tra tion
de pend ence of the eth a nol:wa ter SFG spec tra in the air/liq uid 
in ter face.

We can see that along with the rais ing of the eth a nol
bulk con cen tra tion, the sharp fea ture in our SFG spec tra due
to the free OH stretch dis ap pears into a broad flat fea ture
grad u ally, just like what hap pens in meth a nol:wa ter. It is
com pletely flat when it reaches x = 1.6% and higher. The
sharp fea ture peaks at 3721 cm-1 in stead of 3680 cm-1 for our
neat wa ter, and peak po si tion var ies for mix tures of var i ous
con cen tra tions (see Ta ble 1).

In Kipling’s pa per10 two ad sorp tion iso therms ex ist for
the eth a nol:wa ter so lu tion, and they pre dict dif fer ent bulk
con cen tra tion for the eth a nol sur face con cen tra tion to reach
25%, which is the ra tio that the sharp 3680 cm-1 band for free
OH stretch to dis ap pear in a meth a nol:wa ter so lu tion. Shen’s
spec u la tion is that one sur face meth a nol mol e cule can elim i -
nate one dan gling OH; there fore, the sur face den sity of the
wa ter mol e cules that carry a dan gling bond must be 25% as
well. If this “one al co hol to one dan gling bond” re la tion ap -
plies to eth a nol:wa ter equally well, we then ex pect to see the
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OH dan gling bond to di min ish at the same eth a nol sur face
con cen tra tion.

The two dif fer ent iso therms of eth a nol:wa ter mix -

tures,10 la beled here I and II, cor re spond to two dif fer ent con -
di tions for a n-alkyl al co hol to stand above the liq uid sur face:

Iso therm I is based on a con di tion where an n-alkyl
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Fig. 1. Pre lim i nary vi bra tional sum fre quency gen er a tion spec tra of the liq uid/air in ter face for the sys tem of eth a nol:wa ter
so lu tions with var i ous bulk con cen tra tions of eth a nol ex pressed in terms of mo lar ra tio  (x). ssp po lar iza tion com bi na -
tion is used for sum fre quency, vis i ble and in fra red pulses, re spec tively. Solid curves are the re sults of five-
point-smoothing through ex per i men tal data points.



group is stick ing out of the so lu tion above the nom i nal sur -
face plane, and only the hydroxyl group is im mersed. The
sur face layer of the mix ture is con sid ered as a mixed mono -
layer. This is a sin gle layer pic ture with re spect to ei ther the
al co hol or the wa ter mol e cules. It pre dicts that an 18% sur -
face den sity of eth a nol at bulk x = 0.01 (1%), a 29% sur face
den sity at x = 0.016, and a 50% den sity at x = 4.4%.

Iso therm II as sumes that the n-alkyl group is to tally
im mersed in side the so lu tion un der the nom i nal sur face. In
this case, the ethyl group goes as far as ap prox i mately two
wa ter lay ers deep into the so lu tion. And the sur face layer can
be con sid ered as a monolayer with re spect to al co hol only,
and mean while a dou ble layer with re spect to wa ter mol e -
cules. This is ad dressed as the dou ble wa ter layer pic ture. It
is based on the same sur face ten sion and ac tiv ity co ef fi cients
mea sure ments, and there fore the same cal cu lated sur face ex -
cess for eth a nol as Iso therm I, only the ex tra num ber of wa -
ter mol e cules are taken into ac count to cal cu late the to tal
num ber of the sol ute and sol vent in the sur face layer. It pre -
dicts a 11% sur face den sity of eth a nol at bulk x = 0.010, a
19% den sity at x = 0.016 (1.6%) and a 50% sur face den sity at
bulk x = 11%.

In the case of a meth a nol:wa ter so lu tion, the dif fer ence
be tween the two iso therms is not ap pre cia ble, but when the
n-alkyl chain length in creases, the num ber of wa ter mol e -
cules that in ter act with the alkyl chain in creases, too. Thus
arises the dis crep ancy.

Both mod els agree that the sur face eth a nol stands per -
pen dic u lar to the nom i nal sur face, with -OH fac ing the bulk,
while the -CH3  is fac ing the air. This agrees with Klein’s ob -
ser va tion from his cal cu lated sur face struc ture for eth a nol:
wa ter so lu tion that the ethyl group points out of the so lu -
tion.13

At bulk x = 0.010, iso therm II pre dicts a sur face den -
sity of 11%, while iso therm I pre dicts that of 18% for eth a -
nol. In ei ther case there should still be ap pre cia ble in ten sity
for free OH con trib uted from the re sid ual dan gling bond. And 
in deed it is so as the spec tra for x = 1.0% shows: the sharp fea -
ture does not van ish into back ground.

At bulk x = 0.016, iso therm II pre dicts a sur face den -
sity of 19% for eth a nol, while iso therm I pre dicts that of
29%. If iso therm I  is based on a more re al is tic model than
iso therm II , then the free OH peak should be de pleted to
nearly back ground at this con cen tra tion, and vice versa. And
in deed we ob serve a very flat, if any, fea ture at this con cen tra -
tion. We thus con clude that in stead of the whole eth a nol mol -
e cule, only the OH bond is im mersed in the mix ture so lu tion.
And the sin gle (wa ter) layer pic ture should pre vail, ex clud ing 
the dou ble wa ter layer pic ture.

Al though the sharp fea ture due to free OH has dis ap -
peared for the bulk con cen tra tion x = 1.6% and above (we
have checked 5%, 14%, 20%) and turned into flat, pla teau
like fea ture, we can still de tect the de crease of the SFG sig nal
from the PMT as we block the in fra red beam unto the sam ple
sur face. Al though the res o nant con tri bu tion to (2) has turned
into a non-resonant part, the pop u la tion of those once free OH 
has not just van ished. They should be now hy dro gen - bonded 
to OH of the eth a nol mol e cules, the en vi ron ment be ing in -
homo geneous; there fore the once sharp fea ture has spread it -
self into a broad ened one.

With the el e va tion of eth a nol bulk con cen tra tion, the
broad wa ter fea ture at 3200, 3400 cm -1  due to sur face wa ter
mol e cules that are hy dro gen-bonded among each other does
not seem to change much ex cept at x = 0.0024 (0.24%). The
eth a nol added into the pure wa ter could in deed at tack the free
OH first, leav ing the ice-like or dered struc tures alone for eth -
a nol con cen tra tion be low x = 1.6%. But for the con cen tra tion
higher than 1.6% and be low 20% in our work, with all of the
25% free OH been taken, we could not rule out the pos si bil ity
that the ex cess eth a nol might start to in ter act with those wa ter 
mol e cules that are in the ice-like struc tures. The in ten sity of
the or dered struc ture does not seem to change dra mat i cally,
but the broad 3200 to 3400 cm-1 fea tures grad u ally grow nar -
row, re sem bling more and more those for the neat eth a nol.
The low er ing of the or dered struc tures in ten sity at 0.24%
might be as so ci ated with the on set of seg re ga tion of sur face
eth a nol at 0.18%. Could the seg re ga tion take place at the ex -
pense of tum bling down part of the or dered struc ture? This
re mains to be solved in fu ture work.
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