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Abstract 2H-NMR spectra of perdeuterated octadeca-
noic acid (C;gAC) and dotriacontane (C;,AN) added to
isolated and subsequently recrystallized cuticular wax
from barley (Hordeum vulgare L.) leaves were recorded
between 298 and 328 K. They were compared to calori-
metric excess heat capacity profiles. The NMR-data re-
vealed the presence of both an isotropic and a rigid wax
component at temperatures below 313 K. At temperatures
above 318 K all labels are in the fast motion regime indi-
cating atransitioninthehost matrix of thelabels. The pres-
ence of thesurfactant C4E; reduced the order of the C;gAC-
label but did not influence the order of the long chain
alkane label (C;,AN). Most surprisingly, calorimetry re-
vealed that most thermotropic events take place above the
apparent melting observed in NMR. Furthermore, the mac-
roscopic softening and melting of the wax took placein the
same temperature regime as in the calorimetric experi-
ments. The excess heat capacity traces were complex and
indicated a heterogeneous structural composition of the
barley wax. We interpreted the apparent conflict between
the NMR and the calorimetric results by assuming a crys-
talline host matrix, formed by C,s-alcohol, the major mo-
lecular component of the wax. Within the crystal compart-
ments there may exist an amorphous matrix with some
crystalline microdomains of other wax components, in-
cluding the NMR-labels. The melting of the amorphous
environment leads to fast motional narrowing of the NMR
spectral line of the microdomains without melting of the
macroscopic structure. The measurements of diffusion co-
efficients (D) of radiolabelled C;sAC and C3,AN gave
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additional insight into the microstructure of the way archi-
tecture. Identical resultsin terms of D were obtained when
radiolabelled C,5AC was added to the wax from either the
exterior after recrystallization or whenit wasrecrystallized
together with the wax. It is concluded that in both cases
the radiolabelled moleculeislocated in an amorphous wax
phase, which formsapercolating path through the wax and
is thus also accessible to the surfactant CgEz. In contrast,
D of C3,AN in barley wax was about 2400 times higher
when C5,AN was added to recrystallized wax from the ex-
terior compared to wax samples recrystallized together
with C5,AN. Thisindicates that in the case of C3,AN the
alkaneistrapped within separate microdomains of the wax
during recrystallization and thusit remains essentially im-
mobile, whereas it possesses a high degree of mobility
when it is added from the exterior where it has only access
to the percolating amorphous wax phase.

Key words Crystallinity - Cuticular wax -
Deuterium NMR - Diffusion coefficient - Plant cuticle -
Percolation

1 Introduction

The plant cuticle is an extracellular polymer covering the
above-ground organs, mainly the leaves, of all higher
plants (Martin and Juniper 1970; Cutler et a. 1982) and
thus forms the interface between the living plant interior
and the atmosphere (Schénherr and Riederer 1989). The
main function of the cuticle is the reduction of the evapo-
ration of large amounts of water from the living parts of
the plantsinto the atmosphere in order to protect the plant
from desiccation (Schénherr 1982). Furthermore, the cu-
ticle often forms an important barrier to the uptake of fo-
liar pesticides, which have to penetrate the cuticlein order
to develop their physiological action in the living plant
cells (Bukovac 1976; Schonherr and Baur 1994). Chemi-
cally the cuticle is a heterogeneous, essentially lipophilic
biopolymer consisting of esterified hydroxyfatty acids
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(Kolattukudy 1980; Holloway 1982), the cutin matrix
(MX), and soluble cuticular lipids (SCL) or waxes (Baker
1982; Walton 1990), which are deposited in the MX. The
waxes, which form solid, partialy crystalline aggregates
at room temperature (Sitte and Rennier 1963; Reynhardt
and Riederer 1991; Reynhardt and Riederer 1994), are es-
sential for thetransport barriersof theintact cuticular mem-
branes since removal of the cuticular waxesincreases cut-
icular permeability for water and organic moleculesby fac-
tors in the range 10 to more than 1000 (Schonherr 1976;
Riederer and Schonherr 1985).

For thisreason it isimportant to obtain more data about
cuticular waxesin order to understand their function asthe
transport barrier of the intact plant cuticle on a molecular
level. Information is needed on: (i) wax composition, (ii)
transport properties of waxes and (iii) the physical struc-
ture of waxes. In the past a number of independent studies
have investigated the transport properties of cuticular
waxes by diffusion experiments (Schreiber and Schdnherr
1993; Schreiber 1995; Schreiber et al. 19964, b) and the
physical structure of waxes by spectroscopic experiments
(Basson and Reynhardt 1988; Reynhardt and Riederer
1991, 1994). On the basis of these results amodel describ-
ing the architecture of the waxy transport barrier of the
plant cuticle on amolecular level hasbeen postulated (Rie-
derer and Schreiber 1995). It was argued that the wax con-
sists of an amorphous and a crystalline phase. Diffusion of
penetrating compounds such as water or small organic
molecules (e. g. pesticides) should be possibleinthe amor-
phouswax phase. Additionally, the simultaneous presence
of highly ordered crystalline domains in the wax should
form an excluded volume for the transport of penetrating
molecules, thus increasing the path length of diffusion.
However, direct evidence for this model is still missing.

Therefore, it was the purpose of this investigation to
correlate results obtained by ?H NMR spectroscopy with
diffusion experiments of radiolabelled chemicals in the
wax in order to investigate this postulated molecul ar trans-
port model. We used ?H-NMR as atool to investigate the
transition properties of the plant waxes and the influence
of surfactants on the molecular structure. Solid state 2H-
NMR in the past has been extensively used to study dy-
namic properties of biological or artificial membranes (for
reviews see: Seelig 1977; Seelig and Seelig 1980; Mantsch
et al. 1977; Smith 1983). Owing to the chemical shift an-
isotropy, slow molecular motion results in characteristic,
broad spectra which average to one single line upon fast
isotropic molecular rotation. This effect can be used to
study transitions which are linked to changesin molecular
dynamics asin melting transitions of waxes or chain melt-
ing transitions of lipids. These investigations were sup-
ported by cal orimetric measurements, recording the uptake
of heat during a melting transition. The temperature de-
pendence of the calorimetric profiles in heterogeneous
samples is an important method for the construction of
phase diagrams, which reveal the mixing properties of the
wax components (Lee 1977; Heimburg et al. 1992).

2 Materials and methods

2.1 Plant materials

Barley plants (Hordeum vulgare L. cv. Magi€) were culti-
vatedingrowth chambers (16 hlight at 500—800 pmol m=2
st PAR, 298K and 50% R. H.; 288 K and 90% R. H.
during the dark). Leaves from 4 to 6 week old plants were
sampled and cuticular waxes were extracted with chloro-
form (3 s; 298 K) as described previously (Schreiber and
Schonherr 1993). Extracts were filtered twice and the sol -
vent volume was reduced to obtain afinal wax concentra-
tion of about 5 - 10~° kg cm~3. Until they were used in the
experiments the wax solutions were stored at 248 K.

2.2 Chemicals

The monodisperse alcohol ethoxylate triethyleneglycol
monohexylether (CgEz) (Fig.1) was obtained from
Fluka (Neu-Ulm, Germany). Chemical purity of 98% was
checked by gas chromatography/mass spectrometry (Hew-
lett-Packard gas chromatograph 5890 series Il equipped
with a mass selective detector model 5971 A; Hewlett-
Packard, Millville, NJ, USA). Perdeuterated octadecanoic
acid (C,gAC) and dotriacontane (C;,AN) (Fig. 1) were ob-
tained from IC Chemikalien (Ismaning, Germany). Both
perdeuterated compounds had achemical purity better than
98% as checked by gas chromatography/mass spectrome-
try. 2*C-labelled octadecanoic acid (specific radioactivity:
2 GBq mmol™) and dotriacontane (specific radioactivity:
0.38 GBg mmol™?) were obtained from Amersham Buch-
ler (Braunschweig, Germany) and Sigma (Deisenhofen,
Germany), respectively. Radiochemical purity of 4C-
labelled compounds was better than 98% as checked by
radio-TLC (TLC-Linear Analyzer, Tracemaster 20, Bert-
hold, Wildbad, Germany).

2.3 ?H NMR studies

Two wax samples were prepared by adding 2.5 - 107 kg
of the perdeuterated compounds (C;gAC or C5;,AN) to
5.10~* kg barley wax dissolved in 10 cm® chloroform.
Additionally, two further wax samples were prepared,
which contained 0.5 - 10~ kg C4E; besides the perdeuter-
ated compound, in order to investigate the interaction of
the alcohol ethoxylate with the barley wax. The ratio of
0.5-107" kg C4E; per 5 - 107 kg wax was chosen for the
experiments since it corresponds exactly to the maximum
amount of CgEz, which is adsorbed into the wax in equi-
librium with an external agueous solution of CgE; signif-
icantly above the critical micelle concentration (Schreiber
et al. 1996 b). The solvent was evaporated for several days
until a constant weight (Sartorius Microbalance, Got-
tingen, Germany; accuracy 1.0 ug) of the residual wax
sample was obtained. Finally, the dry wax samples were
transferred into small glass tubes of 0.7 cm® volume
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C¢E; (triethyleneglycol monohexylether)
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(3.5-102 m length; 5 - 10> m inner diameter) and used
for the 2H NMR experiments. °H NMR spectra were re-
corded at a frequency of 46.1 MHz using a Bruker MSL -
300 spectrometer (Bruker Analytische Mefdtechnik GmbH,
Rheinstetten, Germany). The quadrupole echo sequence
with phase alternation was employed with 30 ps delays
between 90° pulses of 6 usand arecycletimeof 1 s. Spec-
tra were recorded at 298, 303, 308, 313, 318 and 328 K,
thus covering a temperature range of 30 K. At each tem-
perature several tens of thousands of scans were recorded
and averaged. NMR spectra were normalized to constant
area.

2.4 DSC experiments

Calorimetric experimentswere performed on adifferential
scanning calorimeter from Calorimetric Sciences Corp.,
Provo, Utah. The calorimeter response time is about 90 s.
A scan rate of 10°/h was used in the temperature range
273-373 K. Sample quantities were 10—20 mg. All heat
capacity traces are given in units of J/g. The calorimetric
experiments were checked for reproducibility and rever-
sibility in successive up and down scans. Data were dis-
played after subtraction of abaseline, which was obtained
from polynomial fitting of the C-trace outside of therange
where the thermotropic events took place. Baselines ob-
tained in this way were smooth and displayed no discon-
tinuous features.

2.5 Diffusion experiments

Diffusion coefficients of *“C-labelled C;gAC and C3,AN
were determined by applying the desorption method pre-
viously described in detail by Schreiber and Schonherr
(1993). Inshort, aluminiumdisks(1 cm? surfacearea) were
immersed in chloroform solutions having a wax concen-
tration of 5 - 107° kg cm~3. After evaporation of the sol-
vent, aluminium disks were covered with a homogeneous
layer of wax. In order to improve the adhesion of the wax
to the surface of the aluminium disks, they were for 5 min-
utes heated to 373 K, which is above the melting point of
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ot Fig. 1 Chemical structures

of the 3 substances, CgE; (tri-
ethyleneglycol monohexyl-
ether), C,5AC (perdeuterated
octadecanoic acid) and C3,AN
(perdeuterated dotriacontane)
used in the 2H-NMR experi-
ments

COOH
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the wax. The amount of wax covering the aluminium sur-
face was determined by subtracting the weight of the
aluminium disks from the final weight of the wax-covered
aluminium disks using an electronic microbalance (Sarto-
rius, Gottingen, Germany; accuracy: +1 pg). The average
thickness of the investigated wax layerswas 1.5 - 10°m=
0.5-10°m, using a wax density of 0.9-10°kgm™
(Buscher 1960) for the calculation of the thickness.

Diffusion coefficientswere determined after adding the
14C-labelled compounds to the wax in two different ways.
Internal loading of the wax refers to the addition of the
14C-labelled compounds to the wax/chloroform solution
prior to recrystalization. The wax was recrystallized to-
gether with the *C-labelled compound and subsequently
the 1*C-labelled compound was desorbed again by immers-
ing the wax samplesinto a phospholipid suspension (PLS;
soy bean lecithin; Fluka, Neu-Ulm, Germany) as the de-
sorption medium. Alternatively, recrystallized wax sam-
pleswereloaded with the *C-labelled test compound from
an external agueous solution containing the radioactivity,
which is referred to as external loading. C;gAC was dis-
solved incitric acid (10 mol m™3; pH 3.0), whereas C3,AN
was applied in a 10~% phospholipid suspension, in order
to keep the lipophilic alkane solubilized in the external
donor solution. Wax samples were immersed in these ra-
dioactive solutions for 48 hours, which guaranteed that a
substantial amount the radioactivity was adsorbed in the
wax. Subsequently, wax samples were removed from the
radioactive solutions, blotted carefully on cellulose paper
in order to remove radioactive donor solutions adhering to
the surface of the samples and finally they were also de-
sorbed with a1% PL S solution.

Desorption experiments were carried out by incubating
single wax samples, after internal or external loading, in
5 cm? glass vial s contai ning the desorption medium (PLS).
Vials were closed with screw caps and rotated (60 rpm) in
the dark at 298 K. After defined periods of time the de-
sorption media in each vial were replaced by fresh solu-
tions and sampled radioactivity was measured by liquid
scintillation counting (TRI Carb 2000, Canberra Packard,
Frankfurt, Germany) after adding an adegquate amount of
scintillation cocktail (UltimaGold XR, Canberra Packard,
Frankfurt, Germany) to the samples. At the end of the de-
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sorption experiment the amount of radioactivity remain-
ing in the wax sample was also determined by immersing
thewax samplein 200 pl chloroformin order to redissolve
the wax together with the radioactivity from the alumin-
ium. Subsequently the scintillation cocktail was added to
the samples and they were counted as described above.

Desorption kinetics could be linearized for up to 50%
desorption (Figs. 7 and 8), by plotting therelative amounts
desorbed from the wax samples versus the square root of
time. Diffusion coefficients of the two *C-labelled com-
pounds could be calculated from the slopes of regression
lines fitted to the linearized desorption kinetics by apply-
ing EqQ. (1) (Felder and Huvard 1980):

M._45D
Mo AX D\Snﬂt

where M,/Mg, is the relative amount desorbed, Ax[m] is
the thickness of the wax layer, D [m? s}] is the diffusion
coefficient and t [s] is the time. Rearranging the term

Eig\% which is proportional to the slope of the re-
gression, ling, finally allows the calculation of the diffu-
sion coefficient D of the *C-labelled compound in the

wax sample.

(1)

3 Results
3.1 H-NMR experiments

Normalized ?H-NMR spectra of mixtures of barley wax
withtwo different perdeuteratedlabels, C;sAC (Fig. 2) and
C3,AN (Fig. 4), wererecorded in the absence and presence
of the surfactant CzE5 (panels aand b, respectively). The
two labels of different chain length were chosen in the ex-
pectation that they would mix differently with the differ-
ent components of the heterogeneouswax. At temperatures
below 313—318 K the most prominent feature of the 2H-
NMR-dataisthe presence of both abroad and an isotropic
spectral component, indicating the presence of both fluid
and rigid regionsin the wax. The broad component is char-
acterized by a maximum splitting of about 125 kHz. The
spectral display was chosen to cut off the isotropic com-
ponent in order to emphasi se the broad, immobilised spec-
tral contribution. In the temperature range around 313 K
in the presence of C;gAC and 318 K in the presence of
C3,AN, the shape of the broad spectral component is sub-
ject tomotional narrowing, and disappearsin anarrow tem-
perature interval. Above 318 K all labelled molecules are
in the fast motion regime.

To quantify the effect of temperature and the addition
of surfactant, the second moments of the spectra,

[ (W—wp)?* f (w) dw/| f(w) dw,

were calculated and plotted versus temperature (Figs. 3
and 5). f (w) representsthe spectral line shape and w, isthe
centre of gravity. Second moments have frequently been
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Fig. 2 a2H-NMR spectraof barley wax with 5% C,¢AC perdeuter-
ated label at different temperatures. Spectrawere normalized to con-
stant area. b Same sample asin a in the presence of 1% Cg¢E;

used as an order parameter to evaluate changes in molec-
ular motion (Smith 1984). The quantitative and qualitative
behaviour of the two different deuterium labelsin the bar-
ley wax host matrix is different. First, the order parameter
of the C,gAC-label (Fig. 3) is smaller than the order pa-
rameter of C5,AN (Fig. 5). Secondly, the addition of the
surfactant C4E; leads to alowering of the molecular order
parameter below the NMR-melting transition for the fatty
acid label, whereas it does not affect the order of the al-
kanelabel. Thisindicatesthat the two labels monitor adif-
ferent environment of the host matrix, in agreement with
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Fig. 3 Second moments of the spectragiven in Figs. 2aand b, in-
dicating a reduction in molecular order upon addition of 1% of the
surfactant C¢E5 to barley wax samples labelled with C;gAC

the calorimetric results, given below. On the other hand
both labels display a rapid decrease in order at about
313-318 K, which suggests a significantly enhanced mo-
lecular motion above this temperature range, although the
C,5AC environment seems to melt at slightly lower tem-
peratures than that of the C5,AN-label.

3.2 Calorimetric experiments

To further study the influence of the labels and the surfac-
tant on the barley wax, we performed cal orimetric experi-
ments on the different mixtures, including the melting pro-
files of the pure components. This was done both to dem-
onstrate miscibility of the NMR-label swith the barley wax
and to correlate the wax melting with the 2H-NMR data.
Figure 6a contains all traces related to experiments with
C,sAC-labels. The bottom C,-profile represents the pure
perdeuterated |abel, indicating amelting point at 338.1 K.
The top trace displays the melting of the barley wax with
amore complex melting behaviour, reflecting the hetero-
geneous composition of the wax. It is apparent from the
transition profile that the wax itself has a non-uniform
structural composition and different components of the
wax melt at different temperatures. Three heat capacity
maxima can easily be recognised at 325.1, 339.7 and
347.1 K. The second peak correspondsroughly to the melt-
ing point of the label. The latter temperature corresponds
to the melting point of the C,g-alcohol which constitutes
about 80 weight% of the overall wax (Reynhardt and Rie-
derer 1994). It should be noted that peaks in calorimetry
do not necessarily correspond to the melting of defined
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Fig. 4 a ?H-NMR spectra of barley wax with 5% C;,AN perdeu-
terated label at different temperatures. Spectra were normalized to
constant area. b Same sample asin a in the presence of 1% CgEz

components but may aswell reflect temperature dependent
changes in the composition of domainsin different physi-
cal states. Thetwo central curvesreflect the barley wax la-
belled with 5% perdeuterated C,;sAC inthe absenceand in
the presence of 1% CgEg, indicating four heat capacity
maxima at 321.5, 330.9, 338.9 and 347.9 K. The surfac-
tant itself has its melting point at about 265 K and is lig-
uid in the temperature range given in Fig. 63, b.

Three important conclusions can be drawn: 1. The ad-
dition of the label changed the heat capacity profiles at
temperatures different from the melting point of the pure
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Fig. 5 Second moments of the spectragivenin Fig. 4aand b, indi-
cating the absence of an effect on the molecular order upon addition
of 1% of the surfactant C4E5 to barley wax samples labelled with
C3,AN

label. No co-operative melting peak at the melting point
of the pure label can be seen. From this it has to be con-
cluded that the label mixes well with barley wax compo-
nents. 2. The addition of surfactant has only aminor effect
on the excess heat capacity. 3. Most surprisingly all calo-
rimetric events take place above 318 K, which is appar-
ently in conflict with the findings from 2H-NMR or melt-
ing at about 313—318 K! We will attempt to explain this
in the discussion section.

The corresponding experimental results of the wax in
the presence of 5% perdeuterated C;,AN-alkane label are
givenin Fig. 6b. The pure label has two transitions close
to each other at 335.3 K and 337.9 K. The label itself is
more than 98% pure (checked by gas chromatography/
mass spectrometry) indicating that this melting behaviour
most likely is not due to impurities. Thus, the first transi-
tion is probably a solid-solid-transition whereas the sec-
ond one reflects the solid-liquid melting transition. The
melting transition temperature is therefore roughly the
same as that of the fatty acid-label, despite the different
chain length. Thisis due to the difference in head groups.
Thetwo central tracesin Fig. 6b reflect the melting in the
presence of the alkane label. Again the label displaysgood
mixing with the wax. However, the specific head changes
in the presence of the C3,AN are different from those in
the presence of the other label, displaying C,-maxima at
330.2, 333.9, 338.6 and 348.1 K. In contrast to the C; A C-
|abel the cal orimetric events are moved somewhat towards
higher temperatures. Thereforeboth label sseem to mix dif-
ferently with the different components of the heterogene-
ous wax.
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=
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10 —
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Fig. 6 a Calorimetric excess heat capacity profiles of barley wax
(top), barley wax +5% C, A C (centre, solid), barley wax +5% C,gAC
+ 1% Cg4E; (centre, dashed) and the pure perdeuterated C,;sAC
label (bottom). b Calorimetric excess heat capacity profiles of bar-
ley wax (top), barley wax +5% C3,AN (centre, solid), barley wax
+5% C3,AN + 1% CgE;z (centre, dashed) and the pure perdeuterat-
ed C3,AN label (bottom)



In all experiments, however, the addition of |abels only
has a minor effect on the transition point of the highest
melting component which most likely reflects the Cys-
alcohol melting (see discussion). Also, the surfactant has
only aminor (but measurable) effect onthe C-traces. More
importantly, the major calorimetric events take place at
temperatures above the apparent melting pointinNMR. In
all cal orimetric experimentsthe melting enthal py was con-
stant within experimental error (20015 J/g). It should be
noted at this point that visual observation of the macro-
scopic appearance of the wax as a function of temperature
(inawater bath) detected a softening of the sample at tem-
peratures above 333 K and a melting at 348 K, in agree-
ment with the most pronounced calorimetric event. No
melting was obvious at 318 K.

3.3 Diffusion experiments

Desorption kinetics of the **C-labelled compounds C;gAC
and C;,AN inrecrystallized barley wax were successfully
linearized if the relative amount desorbed (M,/Mg) was
plotted versus the square root of time and D could be cal-
culated from the slope of the regression lines fitted to the
linear portion of the linearized desorption kinetics (Figs. 7
and 8). With C;gAC D wasidentical and completely inde-
pendent of the mode of loading (internal versus external)
of the wax samples (Fig. 7). With C;,AN, however, D was
strongly dependent on the mode of loading the wax sam-
ples since D was a factor of about 2400 higher when the
radiolabelled alkane was applied to the wax from an exter-
nal donor solution compared to the addition of the radio-
|abelled alkane to the wax/chloroform solution prior to its
recrystallization (Fig. 8).
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Fig. 7 Linearized desorption kinetics of octadecanoic acid (C,gAC)
from barley wax after internal and external loading of the wax. Val-
ues of D are given as means of five repetitions with 95% confidence
intervals
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Fig. 8 Linearized desorption kinetics of dotriacontane (C3,AN)
from barley wax after internal and external loading of the wax. Val-
ues of D are given as means of five repetitions with 95% confidence
intervals

4 Discussion
4.1 ?H-NMR and calorimetric experiments

The most striking finding of this work is the apparent dif-
ference in the melting points in ?H-NMR and in calorim-
etry. We found that for the two different labels the spectra
became completely isotropic at 313 K for the C;sAC and
at 318 K for the C5,AN label, respectively. Solid state °H-
NMR in the past has been frequently used to monitor the
melting of pure alkanes (Taylor et al. 1983) and especially
of lipidsin membranes (for reviews see Seelig 1977; See-
lig and Seelig 1980; Mantsch et a. 1977; Smith 1983). The
chemical shift anisotropy leads to broad, structured spec-
traof solids, reflecting the random orientations of the deu-
terated moleculesin a non-oriented solid. Owing to quad-
rupolar splitting the spectra are symmetric towards their
origin. Upon fast rotation this spectral anisotropy is aver-
aged into asingle spectral line. Thus the spectral shapeis
anindicator of thefluidity and the motional degree of free-
dom of the spin labels. The typical correlation time that
leads to motional narrowing is of the order of 10~° seconds
(Smith 1983). Therefore, an isotropic spectral lineis evi-
dence for arotational correlation time of the labels much
faster than 10 microseconds.

However, an isotropic spectral component is not neces-
sarily indicative of the melting of the complete matrix. As
shown by Smith and Ekiel (1984), in an aqueous environ-
ment lipid vesicles smaller than 1000 A lead to isotropic
spectra in phosphorus NMR, which has a time sensitivity
comparableto ?H-NMR. Thus, solid particles of small size
inafluid environment also display isotropic spectra. Some
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motional averaging takes place even at the molecular level
as has previously been shown in electron spin resonance
(ESR)-experiments which yield a spectral narrowing at
about 318 K, consistent with the NM R-measurements pre-
sented here (Schreiber et a. 1996b). However, the sensi-
tive time scale of ESR is much smaller (in the nanosecond
regime) and it is therefore more sensitive to single molec-
ular motion.

The disappearance of the rigid spectral component in
Figs. 2 and 4 at about 318 K is evidence for the fast rota-
tional movement of the labels. As already mentioned, this
finding is consistent with both a rotational movement of
the single labels and the movement of solid particles sig-
nificantly smaller than 1000 A in diameter. Calorimetry
provides information both on thermotropic events and on
the mixing behaviour of molecules (Lee 1977; Heimburg
and Marsh 1992). Figure 64, b indicate that the major ca-
lorimetric events take place above 318 K and that the
NM R-labels display miscibility with aheterogeneous wax
matrix.

This leads to the following conclusions: The changein
fluidity, monitored in NMR, does not lead to a significant
absorption of heat and therefore does not correspond to a
co-operative melting of awax component as in a crystal-
line matrix. Thus, a non-cooperative melting of a minor
fraction of the wax must be responsible for theincreasein
fluidity, indicating the presence of an amorphous or glassy
matrix in the wax. Thisis supported by the presence of an
isotropic 2H-NMR component even at temperatures below
313 K (Figs. 2 and 4). As shown in Figs. 6aand b the ad-
dition of the label leads to changes in the melting profiles
in the range 318—-349 K. Therefore at |east some compo-
nents of the wax that contain labelled molecules are defi-
nitely not molten at 318 K. However, the onset of calori-
metric events is at slightly lower temperatures of about
308-313 K, where the spectroscopic transition occurs.
One has to conclude, therefore, that the labels are embed-
ded in solid particles of small sizein afluid environment,
leading to motional narrowing of the spectra without re-
sulting in the melting of major amounts of the wax.

A further finding is the constant transition temperature
of the highest temperature peak. Thistemperatureis equal
tothe melting temperature of the C,6-al cohol, which makes
up about 80% of the matrix. Recent crystallographic re-
sults by Reynhardt and Riederer (1994) demonstrate the
presence of a highly ordered crystal in barley wax yield-
ing sharp X-ray reflections peaks. Combined with the ca-
lorimetric data one may conclude that a major fraction of
the C,6-alcohol forms acrystalline host matrix which does
not contain other molecules. This matrix seems to be re-
sponsible for the overall structure of the wax and leads to
a solid appearance of the wax up to 348 K (see results).
Within vacancies in this matrix all the other molecular
components can be found, which contain both, co-opera-
tively melting regions and amorphous regimes, melting at
lower temperatures. All NMR-labels are found in these
compartments which therefore do not see any changesin
the host matrix. Thewater permeability and transport prop-
erties of the barley wax seem to be associated with these

regimes (Riederer and Schreiber 1995). The surfactant
CsE5 does not lead to a magjor change in the calorimetric
profiles and therefore it is likely that it affects an amor-
phous region of the wax which is not seen in the calori-
metric experiments. Furthermore, the surfactant affectsthe
spectra of the octadecanoic acid to yield alower order pa-
rameter (Fig. 3) by the second moment of the spectra.

4.2 Diffusion experiments

Theinvestigation of isolated cuticular wax samples by 2H-
NMR spectroscopy offers the possibility to obtain direct
insight into the molecular architetcture of the wax and it
must be concluded that the hypothetical wax model, pos-
tulating an amorphous and a crystalline wax phase (Rie-
derer and Schreiber 1995), is strongly supported by the
findings of thisinvestigation. In arecent study relating the
mobility of molecules varying in size and polarity in the
cuticular wax of spruce (Picea abies(L.) Karst) and beech
(Fagus sylvatica L.) it was found that aliphatic molecules
carrying functional groups (e.g. acoholic or carboxylic
groups) always had diffusion coefficients one order of
magnitude higher compared to pure alkanes of similar size
(Schreiber et al. 1996b). Since the experiments were car-
ried out by recrystallizing the *C-labelled molecules to-
gether with the wax (internal loading of the wax) it was
concluded in accordance with the wax model that the al-
kanes were more efficiently trapped within separate crys-
tallinewax domains and thus exhibited significantly lower
diffusion coefficients compared to alcohols and acids of
similar molecular size but significantly higher polarity.

The 2H-NMR experiments corroborate this interpreta-
tion since they show directly that the smaller and more po-
lar fatty acid C;gAC islocated in adifferent wax environ-
ment of lower order (Fig. 3) compared to the pure alkane
C3,AN (Fig. 5). Thedifferencein diffusion coefficients of
C3,AN after internal versus external loading (Fig. 8) can
only beexplainedif it isassumed that the C;,AN islocated
in two different phases of the wax. Recrystallization of the
pure a kane together with the wax leads to an inclusion of
thealkaneinto amorecrystallinewax phase. Alternatively,
from an external donor solution C5,AN has access solely
to an amorphous wax phase, thus yielding (by orders of
magnitude) higher diffusion coefficients in the wax
(Fig. 8). Owing to its bulky and polar head group C;AC
is seems to be located in the amorphous wax phase, irre-
spective of the mode of loading and consequently diffu-
sion coefficients of C;gAC are similar after internal and
external loading of the wax (Fig. 7). However, it must be
emphasised that both labels are not located in the crystal-
line host matrix built by the C,s-alcohol melting at 348 K,
but forming separate domains of different degrees of order
within the amorphous wax phase.

Furthermore, with C,gAC asignificant effect of the sur-
factant C4E; was detected by ?H-NMR (Fig. 3), indicating
that the polar surfactant has access to exactly that wax do-
main, where the more polar C;gAC islocated. Since no ef-
fects of CgE5; on C5,AN could be observed (Fig. 5) it must



be concluded that the unpolar C5;,AN forms a separate
phase, where CgE; does not have access. In accordance
with the 2H-NMR experiments this observation indicates
again that barley wax consists of different domains of dif-
ferent degreesof order onamolecular scale. Different com-
pounds such as acids, alcohols and alkanes are located in
different wax fractions.

In recent years there has been some discussion about
the relevance of domain connectivity in lipid bilayers
(Almeida et al. 1993; Thompson et al. 1995; Vaz et al.
1989, 1990). Fluorescence recovery after photobleaching
(FRAP) experiments were performed to study diffusionin
mixed lipid systems. Depending on lipid composition and
temperature, conditionswerefound wherethefluorescence
recovery was not complete indicating an inhibition of dif-
fusion. Thiswasinterpreted in terms of domain connectiv-
ity of the percolation properties. A percolating cluster isa
domain of complex shape within ahost matrix, whereitis
possibleto find a continuous path from one end of the sam-
ple to the other. This means that any particle restricted to
the precolating domain can still diffuse through the whole
sample. Thisis an important concept for reaction kinetics
and transport properties.

A percolating domain in the barley wax would allow for
the transport of water and small molecules from the inner
side of theleaf to the exterior and vice versa. | solated clus-
ters, however, are not connected and moleculesaretrapped
in local domains of finite size. Therefore, diffusion isin-
hibited. The diffusion properties of barley wax, as de-
scribed above, are consistent with asituation where C;gAC
is located in an amorphous percolating domain, whereas
the C5,AN is found within isolated amorphous domains.
Figure 9 gives atentative schematical drawing of the bar-
ley wax architecture after recrystallization from the melt,
which is consistent with the NMR, calorimetric and diffu-
sion experiments described above. Micro-crystals contain-
ing C;gAC or C3,AN are assumed to be located within
amorphous domains which are connected or isolated, re-
spectively. The percol ating amorphouscluster spansarigid
C,s-alcohol phase. Thus, diffusion properties are expected
to be different for the two label components.

4.3 Biological relevance

Plants growing in completely different habitats must be
adapted on the level of their cuticular permeability to the
climatic conditionsdominating in these habitats. Since cut-
icular waxes are responsible for barrier properties of the
intact cuticle it is necessary to investigate the transport
properties of the waxesin order to understand and analyse
the significance of the cuticular transport barrier for the
whole plant. By means of 2H-NMR spectroscopy of cutic-
ular waxes isolated from plants growing naturally in hab-
itats with different climatic conditions, it should be pos-
sible to estimate and compare the relative fluidity of the
waxes. Thus, it will be possible to elucidate the ecologi-
cally relevant mechanisms of different cuticular perme-
abilities on amolecular level.
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26-alcohol host crystal O 0 Cy3AC enriched micro-crystals

amorphous domains . ® C32AN enriched micro-crystals

Fig. 9 Tentative schematic drawing of the molecular architecture
of HordeumvulgareL. (barley) leaf wax, after recrystallization from
the melt, summarizing the experimental results. Embedded within a
crystalline Cyg-alcohol host matrix an amorphous, percolating do-
main is found, containing micro-crystals enriched in C,gAC. Also
present are isolated amorphous domains containing C;,AN micro-
crystals. The amorphous material has a broad melting range and is
supposedly fluid at 318 K. The Cyg-alcohol host matrix melts at
348K

Furthermore, there is an important applied aspect
related to the investigation of cuticular transport proper-
ties. The efficiency of many agrochemicals sprayed on
leaf surfaces depends on their ability to penetrate the
cuticular transport barrier successfully in order to reach
their final targetsin the leaf anterior. Many investigations
have demonstrated that this penetration of organic mole-
cules such as pesticides can be enhanced significantly by
surfactants acting as pl asticizers on thewaxy transport bar-
rier of the cuticle (Schonherr 19934, b; Schreiber 1995).
However, up to now the exact site of action of these plas-
ticizersin the wax has not been identified and the mecha-
nisms of action have not been completely understood. By
means of 2H-NMR spectroscopy it seems possible to an-
swer these questions and thiswill form the basisfor anim-
proved and more rational formulation of pesticidesin the
future.
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