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Abstract: Water ice is observed to order at the copolymer ferroelectric poly(vinylidene difluoride—
trifluoroethylene) surface. The successful growth of crystalline thin films of water on these polymer surfaces
implicates water to polymer dipole interactions. These ice thin films are sufficiently ordered for experimental
identification of the wave vector dependence in the electronic band structure of hexagonal ice. The significant
band dispersion, of about 1 eV, suggests strong overlap of molecular orbitals between adjacent water
molecules in the ice film. The presence of dipole interactions with adsorbate water is consistent with the
possibility of water acting as a spectator to surface ferroelectric transitions in this system.

Introduction electron spectroscopié$. The electronic dispersion (band
structure) in ice crystals has been difficult to obtain experimen-

Because of biomedical and polymer electronic devices, studies S .
tally because of the absence of periodicity in almost all ice

of adsorbates (in particular water) on polymer surfaces are of mples making the experimental lication of Bloch's theorem
considerable interest but are presently quite limited. Detailed samplés making the experimental application of bloch's theore

4
studies of adsorbate chemistry on polymer surfaces have prover{n;ﬁ.os?ble' The suctcezlss Of.SU(I:h meiSLljretrmentst'der)endsfon the
to be difficult to undertake because of the complexities ability to grow a water ice single crystal at a particular surface.

associated with the ordering of polymer surfaces. Through While water will adsorb and order for t_he first layer or two,

technical advances in making crystalline polymers, this situation such as on_the7 s urface of NaCI(lGO)qutl_Iayers are typlc_ally

is changing. polycrystalllne.'. Theory suggests that it may be possible to
Recent studies indicate profound effects on the dielectric grown ordered ice Iaye.rs, say on the surface of MC: t.)Ut

properties of the Teflon-like crystalline copolymer poly(vi- success has been elusive. In this paper, we prese_nt evu_jence of

nylidene difluoride) with 30% trifluoroethylene, P(VDF-TrFE preferential water molecule ordering and band dispersion for

) . . . crystalline multilayer thin films of ice, grown at the surface of
70:30) with the absorption of watéiThese studies suggest that . )
the dipole of water exhibits a “spectator” behavido the the well-known ferroelectric copolymer P(VDF-TrFE 70:30) of

- . . 0 . 0
ferroelectric transition at the surface of P(VDF-TrFE 70:30). poly(vinylidene difluoride) (70%) and trifiuoroethylene (30%).
Ice and water layer films on such polymers can be perturbed Experimental Section

by interactions at the interface with the ferroelectric polymer,
particularly if there is an order imposed on water molecules by difluoride) with 30% trifluoroethylene, P(VDF-TrFE 70:30) were

the polymer sqrface dipOIeS'. R _ fabricated by LangmuirBlodgett (LB) deposition technique on graphite
The electronic structure of ice, while historically of consider- sypstrates from the water subphase, which can produce films with
able interest; 7 has been difficult to study by the standard

Ultrathin ferroelectric thin films of copolymer 70% poly(vinylidene
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thickness ranging from 1 monolayer (1 ML, 0.5 nm) to over 500Vt

The ice single-crystal films were grown on the polymer surface with a

polymer film thickness of 25 A. The polymer substrate samples 3 and — a)

5 molecular layers thick were prepared in ultrahigh vacuum by 3 |

annealing at 110C, which has proved to be an effective recipe in . i

prior studies:'42° The sample was cooled by means of a liquid ..EP, 5L

nitrogen-cooled cryostat in ultrahigh vacuum to temperatures of-120 > »J

135 K, and its temperature was determined by use of a calibrated e

chromet-alumel thermocouple. N , WW&, I 8L
Angle-resolved photoemission spectroscopy (ARPES) and ultraviolet % J it

photoemission spectroscopy (UPS) were undertaken by synchrotron -— 6L

radiation wih a 3 mtoroidal grating monochromator at the Center for E WMMW

Advanced Microstructure and Devices in Baton Rouge, LA. Electron 4L

binding energies were measured with a hemispherical electron analyzer Vot ot rbme e Ty o scrmihsbsmseeh

with an angular acceptance €f1°. Due to the polarized nature of
synchrotron radiation, the light polarization photoemission was under-
taken by changing the light incident angle, with respect to the surface
normal, to obtain photoemission with the vector potential more along Temperatu re (K)
the surface normal, that is, p (7Bcidence), and more in the plane of

the film, that is, s+ p (43) polarized light, while the photoelectrons

were collected along the surface normal throughout, preserving the .
highest point group symmetry. . —5

Theoretical Approaches.For the ice crystal calculations, we applied — P
a plane-wave-based density functional theory (DFT) method within the b
Perdew-Burke—Ernzerhof (PBE) generalized gradient approximatfon, )
which was implemented in the CASTEP computer code (Accelyrs Inc.
San Diego, CA}? The wave functions were expanded in terms of a
plane-wave basis set with a kinetic energy cutoff of 300 eV, which
with adopted ultra soft pseudopotentfdlgrovided good convergence
of calculated total energies and atomic forces. The supercell was taken
with the dimension 7.544 A< 10.481 A x 20.000 A. The polymer
substrate was put on the-y plane. The semiempirical (with a PM3
parameter set) theoretical calculations of the water ice on PVDF-TrFE 1b 3a, 1b.
were done with the HyperChem packdge. ‘

100 150 200 250 300 350 400 450

Intensity (a.u.)

Results and Discussion -18 _1|5 -‘i2 -Ig _é -3 0
Water interaction with the crystalline copolymer P(VDF-TrFE E E V
70:30) is largely characterized by an absorbed water phase TL-F (e )
(water absorbed in the bulk of the polymer film) and ice grown Figure 1. (a) Thermal desorption spectra of water from a thin film of

on the surface of the polymer at low temperatdrfes$? with a P(VDF-TrFE 70:30) at different water exposures-¢ L). (b) UPS of ice

transitional water species between ice and absorbed Waterlc_)nhthe ferroelectric polymer as a function of S (black) and P (red) polarized
ight.

expected? The different interactions of with P(VDF-TrFE 70: 9 ) )

30) result in two thermal desorption features (as shown in Figure PVDF-TrFE copolymer will an ice layer form on the surface

1a), with water desorbing at roughly 160 K, characteristic of ©f the polymer film..

ice 814-1524253nd desorption of water above room temperature, Preferential Orientation of Water Ice Molecules on

characteristic an absorbed water phHs&Only when there is ~ P(VDF-TIFE). A thin film of water ice about 50 A thick, grown

sufficient absorbed water in the near surface region of the at the surface of the P(VDF-TrFE) copolymer, does exhibit a
preferential order. The photoemission of the 50 A thick ice film

(13) Eou(f;aarrgigs;gzano’ S. P.; Fridkin, V. Mandb. Surf. Interfaces Mater exhibits three features resulting from the expected occupied

(14) Rosa, L. G.; Jacobson, P.; Dowben, P.JAPhys. Chem. R005 109, molecular orbitals of water: 1p3a, and 1b at binding energies
" t|3?3275?_5.G vakovkin 1. N.: Dowben. P. 4. Phvs. Chem. B00S 10 of —9.2, —12, and—15.3 eV, respectively, as seen in Figure
( )1ff§§_ - G.; Yakovkin, I. N.; Dowben, P. 4. Phys. Chem. 2005 109 1b. This is consistent with other photoemission studies of

(16) Choi, J.; Dowben, P. A.; Pebley, S.; Bune, A.; Ducharme, S.; Fridkin, V. adsorbed water and i€&:22425%Ne observe that the photoemis-
M.; Palto, S. P.; Petukhova, NPhys. Re. Lett. 1998 80, 1328-1331. . . . . . K .
(17) Choi, J.; Tang, S.-J.; Sprunger, P. T.; Dowben, P. A.; Fridkin, V. M.; SION spectra of an ice layer this thick contain no contributions

Sorokin, A. V.; Palto, S. P.; Petukhova, N.; Yudin, S.JGPhys. Condensed from PVDE-TrFE Copo|yme%§—1s Semiempirica] calculations
Matter 200Q 12, 4735-4745. . . .
(18) Rosa, L. G.; Losowyj, Ya. B.; Choi, J.: Dowben, P. APhys. chem. B Place the highest occupied fmolecular orbital (HOMO) at

2005 109, 7817-7820. _ ; ; ;
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(20) Choi, J.; Borca, C. N.; Dowben, P. A.; Bune, A.; Poulsen, M.; Pebley, S.; i
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Petukhova, N.; Yudin, S. GPhys. Re. B 200Q 61, 5760-5770. The sensitivity of photoemission features induced by specific
(21) Perdew, J. P Burke, K.; Emzerhof, Mhys. Re. Lett. 1996 77, 3865~ molecular orbitals to the polarization of the plane-polarized
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2744, 114-118.
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Figure 2. Energy-dependent photoemission spectra of multilayer ice, grown -10 4 b)
on a thin film of P(VDF-TrFE 70:30), showing evidence of band dispersion. 7
The photoelectrons were collected along the surface normal. -1 -
incident light indicates a preferential order of the water o I —
molecules in our ice film. Symmetry selection rules in photo- g
e . L A3

emission can be used to determine the molecular orbital dipole LIIJ
interaction with plane-polarized light. This light polarization L 14 4
dependence can be used to make some determinations about
molecular orientation, as is the case here for water ice on 15 -
P(VDF-TrFE). The enhancement of the;1p-9.2 eV) photo-
emission feature in more p-polarized light and the enhancement -16 +
of the 1b (—15.3 eV) molecular orbital photoemission feature
in slightly more s-polarized light indicates that, on average, the A7 LT
majority of water molecules lie with the-HO—H plane parallel 211/a T

with the film (“hands” parallel with the ice to polymer interface).

This is because the moleculas drbital must lie largely along Figure 3. (a) Compilation of the band dispersion as a function of wave
the surface normal while the.boleclar axis must e largely —SEqer; roving o expernent) e paremeterof 20 % kg b
in the plane of the film, to provide the observed light polarization permission from ref 3. Copyright 1973 American Institute of Physics.
dependence observed.

The data imply that not all water molecules lie perfectly in experimental setup, the photon energy dependence of the
the plane of the film. The difference in the intensities of the photoemission spectra (relative to the Fermi level) can be
1b; and 1b molecular orbitals is about-713%, while for all exploited to determine the dispersion (change in binding energy)
the water molecules oriented in the “"perfect” planar configu- as a function of wave vectdr (along the surface normal). Such
ration, the expected changes in the light polarization-dependentdispersion is observed here (Figure 3) and is a consequence of
photoemission (in the geometry of our experiment) should be the hybridization of molecular orbitals of adjacent water
as large as 2837%. The fact that the observed differences are molecules fulfilling the criteria of Bloch’s theoréfhAs shown
a quarter (roughly 25%) of the expected values indicates eitherin Figure 2, the photoemission peak binding energies exhibit
that the water molecules are tilted by some-26° out of plane oscillatory behavior as a function of electron wave vector
or that approximately 3738% of the water molecules adopt a  (proportional to the square root of electron kinetic energy). This
different orientation. Theory, as discussed below, predicts thatis summarized in Figure 3a, where the peak position of each
some 16% of the water molecules in our hexagonal ice adopt band is plotted against the, vector.
an orientation with one hydrogen above the plane and the other From this dispersion amplitude of 1 eV, not only is the
below the plane, effectively adopting an orientation where the crystallinity of the ice film evident but also a bulk lattice
water is not coplanar with the ice to polymer interface. It is parameter for along the surface normal can be derived. The
clear that the ice grown on P(VDF-TrFE 70:30), as described positions of the Brillouin zone center and Brillouin zone edge
here, is not a “perfectly” ordered ice but one with a considerable are used, as well as the wave vector difference between the
amount of defects. Nonetheless, this ice is sufficiently ordered Brillouin zone center and edge according to
to obtain evidence of band structure (that is periodic enough to

rovide evidence of a conserved electron wave vector). 2
i Band Structure of Ice. There is further evidence of v)vater ko= \/_T[Ekin(cose)z + Uil
adopting a preferential order in the ice layers formed on the
surface of the P(VDF-TrFE 70:30) copolymer. Energy-depend- where the value df; (the wave vector along the surface normal)
ent photoemission spectra were taken for the thin ice film grown
(26) Dowben, P. A.; Xu, B.; Choi, J.; Morikawa, E. Band Structure and

on the PVDF-TrFE polymer surface (F|gure 28‘)’_ with _the orientation of molecules adsorbates on surfaces by angle resolved electron
photoelectrons collected normal to the surface. In this particular spectroscopiesdandb. Thin Film Mater2002 2, 61-113.

(1)
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Figure 4. Structure of the ice on PVDF-TrFE predicted by DFT methods at the interface (a) and from the top (c) showing the honeycombed structure.
Semiempirical calculations of the ice layer on the ferroelectric polymer (b) result in a similar 2.8 A lattice spacing along the surface norniz faytre

The PVDF-TrFE is well ordered as indicated in panel d from the STM of the ferroelectric polymer surface, adapted with permission from ref 19. Copyright
2003 American Institute of Physics.

can be estimated from the photoelectron kinetic eneEgy;)( the data here, ice is a wide band-gap insulator; thus plasmon
if some assumptions about the inner potentiagl are made, losses do not contribute to reducing the electron mean free
since the emission angle relative to the surface norials( path39-31 Accordingly, we would expect that the electron mean
zero. From these values, we find that single-crystal ice grown free path for the photoelectrons in the water ice is much longer
here has a crystal layer spacing of 29.1 A along the surface  than is observed in metals, consistent with the longer mean free
normal. paths observed in organic systefAsThe mean free path is
This lattice parameter derived from the band dispersion can clearly sufficient to observe that Bloch’s theoréris fulfilled
be assigned to the calculated value of 2.8 A for the@ for the occupied molecular orbitals of water, although we do

distances in FCC iée* and hexagonal ice structurts?? As not observe photoelectrons from the PVDF-TrFE substrate for
seen in Figure 3, the experimental dispersion is opposite to bandthe ice samples grown here.
dispersions calculated along tfEL1direction (perpendicular Structure of Ice on P(VDF-TrFE). The experimental

to the hexagonal plane) for FCC i¢es seen in Figure 3b. This  orientation of the water molecules within our ice films and the
is consistent with a different molecular orientation for water in |attice constant are consistent with our theoretical expectations.
our hexagonal ice compared to the expectations for the FCCwe have calculated the possible structures of ice on a P(VDF-
ice34 TrFE 70:30) copolymer surface. From both DFT calculations

The expectation that the inner potentia is negligible in (Figure 4a) and semiempirical calculations (Figure 4b), it is clear
an insulator (like water ice) is not completely borne out by the that it is energetically favorable for most of the water molecules
data. We find some evidence for a small inner potential to lie with the H-O—H plane parallel to the surface. This is
corresponding to a wave vector of about 8:0.3 A2, which consistent with experiment, as noted previously. The apparent
increases with increasing energy (as is often observed with differences in the two calculational approaches, represented in
metalg”). This corresponds to a very small inner potential energy Figure 4 panels a and b, is due to the use or absence of periodic
correction but does tend to suggest that effects from the potentialhoundary conditions. In semiempirical calculations (Figure 4b),
change across the surface boundary cannot be completelyy periodic boundary condition was not used.

neglected. o As a result of interactions with the surface of the ferroelectric
~ The electron mean free path at roughly 50 eV kinetic energy ,1ymer, DFT calculations show that the formation of an ice
is generally accepted to be quite shrt}* but as we see from |, “noneycombed” structure (Figure 4c) is adopted (i.e., a
(27) Yakovkin, I. N.; Zhang, J.; Dowben, P. Rhys. Re. B 2001, 63, 115408.

(28) Powell, C. JSurf. Sci.1974 44, 29. (30) Tamura, S.; Powell, C. J.; Penn, D.$urf. Interface Anal1991, 17, 911.
(29) Penn, D. RJ. Electron Spectrosc. Relat. Phenal®76 9, 29. (31) Tamura, S.; Powell, C. J.; Penn, D.$urf. Interface Anall994 21, 165.

17264 J. AM. CHEM. SOC. = VOL. 127, NO. 49, 2005



Single-Crystal Ice Grown on P(VDF-TrFE 70:30) ARTICLES

hexagonal ice). Both the crystal structure calculations shown water, in constrained geometries, will adopt unusual crystal-
in Figure 4a and the semiempirical calculation shown in Figure lographic ordef?-34
4b show the distance between ice layers to be abottB8A Theory suggests that it is the dipoles at the P(VDF-TrFE)
respectively. These two calculated values for layer spacing are,interface that contribute to order in our ice films: a molecular
on average (i.e., 2.95 A), in agreement with our experimental ordering that propagates as the ice film grows. Certainly, the
value of 2.9+ 0.1 A derived from the band structure. polar “anchoring” of the water dipole by surfaces has been
Given the orientation of water both observed and calculated, observeé® and predicted® Unfortunately, like other ice films,
the greatest wave function overlap would be with thg 1b our ice films do contain a considerable number of defects, but
molecular orbital, and this molecular orbital should give rise to these films are sufficiently crystalline to exhibit band structure
the largest dispersion among the occupied molecular orbitalsand are not an amorphous i€e.
of water with changing wave vector along the surface normal, Because the ordering of ice is intimately connected with the
as is indeed observed. We observed the largest dispersion irorder and dipole orientation at the surface of the PVDF-TrFE
the 1k and 1b molecular orbitals (Figure 3a), and what film, changes in the surface dipole arrangement of the PVDF-
dispersion appears to occur with thg Baquite likely an artifact TrFE will affect the structure and electronic properties of the
of changing cross-section between the two branches, that is, aice layer. There is a surface dipole rearrangement that occurs
and a, of the bands arising from the 3molecular orbitaP® at temperatures (300 K) well below the bulk ferroelectric
as indicated in the theoretical band structure for FCC ice (Figure transition temperature (350 KJ17-2%and condensed water could
3b). This differs from the expectation that the unoccupied 4a well be a spectator to this surface dipole ordering transition, as
molecular orbital would show 12 eV dispersion, while the  speculated elsewhete.
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