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ABSTRACT: Rainfastness is the ability of agrochemical deposits to resist
wash-oﬀ by rain and other related environmental phenomena. This work
reports laboratory-scale and raintower studies of the rainfastness of
ﬂuorescently labeled poly(vinyl alcohol) (PVA) using ﬂuorescent microscopy combined with image analysis. Samples of hydrolyzed PVA exhibit
improved rainfastness over a threshold molecular weight, which correlates
with PVA ﬁlm dissolution, swelling, and crystalline properties. It was also
established that the rainfastness of PVA scaled with the molecular weight
over this threshold. These PVA samples were further characterized in order
to determine the eﬀect of the crystallinity on rainfastness. The quantiﬁcation
of rainfastness is of great interest to the ﬁeld of agrochemical formulation
development in order to improve the eﬃcacy of pesticides and their
adjuvants.
KEYWORDS: poly(vinyl alcohol), ﬂuorescent labeling, microscopy, rainfastness, 5-DTAF, Vicia faba, ﬁeld bean, agrochemical,
adjuvant

1. INTRODUCTION
The world faces the important challenge of securing a
sustainable food supply for a growing population. The Food
and Agricultural Organization of the United Nations expects
that global agricultural production will have to increase by 60%
from 2005−2007 levels in order to feed an estimated 9 billion
people in 2050.1 Agrochemicals are utilized to improve crop
production and yield; they take the form of pesticides,
fertilizers, growth agents, and adjuvants.2−7 These treatments
may take the form of seed or soil treatments or sprayed
mixtures and are almost always a formulation of more than one
component.8,9 Such formulations can be subject to losses from
a number of sources no matter the method of application and
are prepared and applied so as to reduce these losses as much as
possible.6,7,10 As an example of formulation, if an active
ingredient is not readily water-soluble, then adjuvants can be
added to form emulsions, to increase solubility, or to otherwise
create a stable solution.2,11
An outline of the agrochemical delivery process and potential
losses is as follows: Losses may begin during the initial spraying
process; if weather conditions are not ideal, then spray drift can
occur.5 This spray drift results in a waste of formulation and
unnecessary pollution of the surrounding environment, not to
mention the detrimental eﬀects of unprotected crops.6 Even
when sprayed droplets hit their intended target, they may have
poor retention on plant surfaces. This is related to the
physicochemical properties of the spray droplet during its
formation from a spray nozzle and its initial impact with plant
surfaces.12−15 Once the droplet has been retained, further losses
© XXXX American Chemical Society

can occur because of poor retention of this droplet or its dry
deposit. This is often caused by microbial, photolytic, or
hydrolytic degradation or removal by adverse environmental
conditions such as rain or even strong agitation such as by
wind.3,5,16 Considering the multitude of factors above,
agrochemical formulations are subject to much research and
development aimed at reducing and overcoming these
losses.17−30 This contribution will focus on research to reduce
the impact of one such loss mechanism: losses due to rain and
related phenomena. Speciﬁcally, we examine the retention of
dry deposits of poly(vinyl alcohol) (PVA), a commercially
available water-soluble polymer.
Rainfastness describes the ability of a compound to resist
removal or wash-oﬀ due to rain and other environmental
eﬀects. Rainfastness advice is often provided on agrochemical
product labels with information about how long a product
needs to be allowed to dry before it is rainfast. If a product does
not have this advice or if rainfastness is poor, then farmers are
potentially subject to weather conditions. Therefore, quantiﬁcation of rainfastness is valuable for the intelligent design of
agrochemical formulations.
Polymeric adjuvants are already used commercially in
agriculture.6 Products containing polymeric formulations
include the “Nu Film” range (Miller) and “Newman Cropspray
11-E” and “Bond” (both De Sangosse). In general, they are
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Table 1. Characteristics of Fluorescently Labeled and Unlabeled PVA Samples
DoH(1H NMR)
(%)
name
PVA-80
PVA-88L
PVA-88M
PVA-88H
PVA-99L
PVA-99M
PVA-99H
PVA99VH
a

supplier
SigmaAldrich
Alfa Aesar
Alfa Aesar
Alfa Aesar
Alfa Aesar
Alfa Aesar
Alfa Aesar
SigmaAldrich

labeled

unlabeled

crystallinity
(%)
Mw(GPC)
(kDa)

84.7

79.1

9.0

91.9
90.6
90.8
98.9
98.8
98.9
99.4

85.3
86.7
86.2
98.8
98.6
98.7
98.7

20.3
27.7
33.1
21.7
51.3
66.3
93.2

Mn(GPC)
(kDa)

PDI (Mw/
Mn)

equivalent [5-DTAF]
(mg/mL)a

alcohol moieties
labeled (%)a

DSC

WAXS

N/A

N/A

0.009

0.023

10.7

17.7

17.4
12.6
15.0
13.5
32.4
43.1
65.1

1.17
2.19
2.20
1.61
1.58
1.54
1.43

0.008
0.007
0.006
0.010
0.007
0.008
0.009

0.018
0.016
0.013
0.021
0.015
0.016
0.020

39.2
10.4
10.0
34.3
30.0
27.5
27.0

43.6
19.2
18.1
15.3
28.0
53.2
43.6

b

From ﬂuorescent spectrometry. bManufacturer speciﬁcation.

termed “wetters”, “spreaders”, “stickers”, “retention aids”, and
“deposition aids”. Modes of action are diverse: wetters and
spreaders increase foliar coverage; stickers and retention aids
are designed to reduce losses to environmental eﬀects;
deposition aids improve the ability of the formulations to
arrive from spray nozzle to leaf surface. The chemistry of Nu
Film is based on polymeric terpenesnaturally occurring
organic molecules and polymers and their derivativeswhich
are ﬁlm forming. Polymers that form ﬁlms after application are
common, and this seems to be the mode of action for much of
the adjuvancy exhibited by polymeric formulations.31,32
Many studies have examined the retention of liquid
formulations as they impact a leaf surface or as a liquid droplet
on the surface.33−36 Prior work has also provided several
methods for determining the impact of simulated rain on
pesticide deposits, such as copper-based fungicides.37 However,
despite the aforementioned commercially available polymercontaining agrochemical products, there is a lack of published
literature regarding rainfastness of polymers as dry deposits; in
particular, extensive studies that examine diﬀerent grades of the
same polymer seem to be lacking. Correlating the fundamental
properties and characteristics of PVA deposits, ﬁlms, and
solutions to its performance as a rainfastness aid will facilitate
this understanding and ultimately improve the intelligent
design of agrochemical formulations. In order to achieve this,
the current work has established a method to quantify
rainfastness based on ﬂuorescent microscopy. PVA was labeled
and washed oﬀ of leaf surfaces using two diﬀerent washing
methods, with the coverage monitored by using a ﬂuorescent
microscope and processing the resulting images. We present a
small laboratory-scale washing method that can be used to
quickly measure the rainfastness of any ﬂuorescent species and
in addition a method incorporating artiﬁcially generated rain.

conglomeration of the PVA granules into a gel. After dissolution, PVA
solutions were allowed to cool at ambient conditions for several hours,
with constant stirring. As a result, the solutions of PVA were
completely clear, with no undissolved polymer detectable by eye.
Solution-cast ﬁlms of the polymers were prepared, and their solubility
and swelling were characterized in water via a gravimetric method. The
crystallinity of PVA in ﬁlms was also characterized by both dynamic
scanning calorimetry (DSC) and wide-angle X-ray scattering (WAXS).
Further, characterization via the measurement of static contact angles
on certain surfaces was performed with an Attension Theta Lite
goniometer. The speciﬁc systems measured were droplets of PVA
solutions on Vicia faba leaf surfaces and droplets of deionized water on
PVA ﬁlm surfaces.
2.2.1. 1H NMR. Spectra for PVA were recorded (Brüker 400 MHz
spectrometer, in D2O) in order to characterize the DoH, i.e., the
content of vinyl acetate groups. The spectra were analyzed and peaks
integrated using MestReNova Lite software (Mestrelab Research).
Peaks in the region 1.50−1.80 ppm are caused by protons of backbone
−CH2, while those at 2.10 ppm are caused by protons of pendant
acetate −CH3 moieties. Peaks at 3.85 ppm are backbone −CH
opposite acetate moieties and 4.05 ppm are backbone −CH opposite
to the hydroxyl moieties (Figure S1). By integration of these peaks, it
is possible to determine the DoH for PVA samples (eq 1):

⎛
b⎞
DoH = ⎜1 − ⎟ × 100%
⎝
d⎠

(1)
1

where b and d are the integral values for H NMR peaks at 4.05 and
3.85 ppm, respectively.
2.2.2. GPC. PVA samples were dissolved in a 0.05 M sodium nitrate
solution to a concentration of 0.1% w/w by heating to 90 °C. The 0.05
M sodium nitrate solution was used as the eluent as the samples were
run through an aqueous column (Agilent PL Aquagel-OH Mixed-H 8
μm) at a rate of 0.1 mL/min and run at room temperature. A set of
standards of known molecular weight poly(ethylene glycol) were run
in the same manner. The Agilent GPC with a refractive index detector
was used to determine the hydrodynamic volume of the samples, and
software determined unknown PVA molecular weights using Mark−
Houwink parameters from the literature (eq 2):

2. EXPERIMENTAL SECTION
2.1. Materials. Two samples of poly(vinyl alcohol) (PVA) were
purchased from Sigma-Aldrich (PVA80 and PVA99VH), and six
samples were purchased from Alfa Aesar (PVA88L, PVA88M,
PVA88H, PVA99L, PVA99M, and PVA99H). 5-(4,6Dichlorotriazinyl)aminoﬂuorescein (5-DTAF), sodium nitrate, and
sodium carbonate were purchased from Sigma-Aldrich.
2.2. Characterization of PVA. Samples of PVA with varying
molecular weights and degrees of hydrolysis (DoH) were used in this
study (Table 1). Solutions of these samples were characterized via 1H
NMR and gel permeation chromatography (GPC). In order to
dissolve PVA, it is necessary to heat the solution to approximately 90
°C for 1−2 h with constant stirring. Failure to stir will result in a

Vh =

2 KM1 + α
5 NA

(2)

where Vh is the hydrodynamic volume, M is the molecular weight, and
K and α are the Mark−Houwink parameters. It can be used to convert
the hydrodynamic volume determined via GPC to molecular weight.
2.2.3. Swelling and Solubility. A gravimetric measurement was
used to determine the swelling and solubility of solution-cast PVA
ﬁlms. Solutions were cast in plastic Petri dishes and dried at room
temperature for at least 72 h to form ﬁlms of approximately 1 g of
mass, with the water content in the range of 3.8−7.6% by weight
(Table S1). The thicknesses of the ﬁlms were measured with digital
B
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Figure 1. (A and B) Laboratory-scale and raintower washing methods, respectively (C) Exemplary wash-oﬀ proﬁle of a labeled deposit of PVA with
corresponding (processed via ImageJ) pictures, where the area of coverage in the pictures is quantiﬁed with ImageJ and plotted.
calipers and found to be between 80 and 160 μm depending on which
area of the ﬁlm was measured. The ﬁlms were initially weighed and
then placed in 500 mL of deionized water without any stirring or
agitation, and their masses were weighed periodically. The three
temperatures used were 5, 15, and 25 °C, which were controlled with a
water bath, so as to mimic a moderate climatic range. The swelling
degree (SD) was determined at each temperature and in triplicate
using eq 3:
m − m0
SD =
m0
(3)

The enthalpy of fusion of the second heating was used to determine
the crystallinity (eq 4). The solid content of the ﬁlms was determined
via thermogravimetric analysis using a TA Q50 instrument and heating
samples from 20 to 200 °C at a rate of 10 °C/min.

χc =

ΔHm
ΔHm°ω

(4)

where χc is the crystallinity, ΔHm is the enthalpy of melting of the
second heating, ΔHm° is the enthalpy of melting for 100% crystalline
PVA from the literature, and ω the weight fraction of the solid ﬁlm
content.38
2.2.5. Polarized Light Microscopy (PLM). In addition to the WAXS
and DSC measurements undertaken to determine the crystallinity
quantitatively, certain PVA ﬁlms were examined using PLM. A Leica
DM2500 M microscope ﬁtted with polarized ﬁlters and a digital
camera was used to acquire images of ﬁlms that were solution-cast at
ambient room temperature conditions onto two diﬀerent surfaces. A
volume of 1 mL of 4% PVA solution was pipetted onto both a glass
slide and a paraﬁlm surface. Films cast on paraﬁlm were detached and
imaged on glass slides because the technique requires light to be
transmitted through the sample. Light passes through an initial
polarizing ﬁlter before the sample and through a second polarizer,
known as the analyzer, after the sample. The analyzer is aligned to only

where m is the mass of the ﬁlm at time t and m0 is the mass of the
initial dry ﬁlm.
2.2.4. Crystallinity. WAXS and DSC were used to determine the
crystallinity of PVA in solution-cast PVA ﬁlms, which were prepared as
described in section 2.2.3. For WAXS, using a Brüker Nanostar, data
were collected for 1 h and retrieved using a Fujiﬁlm FLA-7000 reader
and diﬀraction patterns were analyzed using ImageJ software (National
Institutes of Health). The crystallinity was based on the ratio of
crystalline peak areas to amorphous areas. An exemplary WAXS
diﬀraction pattern is shown in Figure S2. DSC was performed using a
TA Q2000 instrument, and the temperature was ramped from 30 to
250 °C, cooled to 30 °C, and again ramped up to 250 °C at a rate of
10 °C/min. An exemplary DSC thermogram is shown in Figure S3.
C
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Figure 2. Swelling and dissolution of PVA ﬁlms in water at 5, 15, and 25 °C. Each experiment was performed in triplicate, and the data are presented
as mean value ± standard deviation.
allow light perpendicular to the vibrational direction of the light that
the polarizer allows; that is, no light may pass through both ﬁlters
when no sample is present. Thus, the ﬁeld of view is completely dark
when an isotropic sample such as glass is placed into the light path,
and contrast is only achieved with an anisotropic specimen.
2.3. Fluorescent Labeling of PVA. PVA was chemically labeled
with a derivative of ﬂuorescein reactive to hydroxyl groups, 5-DTAF.
To a 10 mL solution (0.4% w/w) of PVA was added a mass of
ﬂuorophore equivalent to react with 1% of PVA alcohol groups with
the assumption that each ﬂuorophore may only react with one
hydroxyl moiety. The masses added were 3.9 mg for PVA80, 4.3 mg
for the PVA88 range, and 4.8 mg for 99% hydrolyzed PVA. The
ﬂuorophore is only soluble at basic pH, and therefore sodium
carbonate is added to adjust the pH. Carrying out the reaction in 0.05
M Na2CO3 (pH 11) caused PVA to be fully hydrolyzed. Instead, in
order to prevent complete hydrolysis, a 0.05 M Na2CO3 solution was
added dropwise until the ﬂuorophore was seen to be dissolved,
resulting in a solution of approximately pH 9. The mixture was stirred
in the dark for 48 h and then dialyzed for several days until pure,

changing the water three or four times per day. Visking dialysis tubing
(Medicell Membranes Ltd.) with a molecular weight cutoﬀ of 7 kDa
was used; this size was to remove unlabeled 5-DTAF as well as
impurities such as sodium acetate. By using a benchtop size-exclusion
column chromatography method, free 5-DTAF was proved not to be
present in puriﬁed samples. Portions (1 mL) of puriﬁed and unpuriﬁed
labeled PVA were added to two separate columns loaded with 20 g of
Sephadex G50 gel. The unpuriﬁed ﬂuorescently labeled PVA had a
signiﬁcant gap between large and small eluting molecules, indicative of
unlabeled PVA. This was not the case with the pure solution of labeled
PVA.
In order to determine the level of labeling of each sample,
calibration standards were prepared using a stock solution of PVA (90
kDa molecular weight) and 5-DTAF, which was serially diluted with
0.2% w/v sodium carbonate. All samples were excited at 392 nm, and
the intensity of emission was recorded at 420 nm using a FP-6200
Jasco ﬂuorescent spectrometer. A calibration curve (Figure S4) was
established in order to determine the ﬂuorescent intensity of emitted
light associated with 5-DTAF upon excitation. A known amount of 5D
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DTAF was added to a 0.2% w/w solution of PVA in a 0.2 M sodium
carbonate solution, and the ﬂuorescent intensity was measured. The
data ﬁt a straight line very well (R2 > 0.95). The intensities of the
samples of puriﬁed labeled PVA were compared to the calibration
curve, which indicated the equivalent mass of free 5-DTAF. From this
was calculated the percentage of alcohol moieties labeled (Table 1).
2.4. Rainfastness Wash-oﬀ Tests. Vicia faba (ﬁeld bean) plants
were used in this work (Syngenta UK Ltd.). The plants were grown
under controlled conditions and used at approximately growth stage
18 (GS18). “Growth stage” is a term from the BBCH growth scale, a
resource that helps to classify the various stages of plant growth (Table
S2).39,40 Only leaves from leaf position 3 (LP3) were selected to be
used. “Leaf position” refers to the position of leaves on the plant, LP1
being the ﬁrst set of leaves from the bottom of the plant, LP2 being the
second set, and so on. The droplets of polymer solution were placed
directly onto the leaves at LP3 using a microliter syringe and allowed
to dry. The leaves are only removed from the plant at the last moment
before imaging.
2.4.1. Laboratory-Scale Wash-oﬀ. Droplets (0.2 μL) of labeled
PVA (0.4% w/w) were placed on the adaxial leaf surface and allowed
to dry. The leaf was ﬁxed to a glass slide with sticky tape. The deposit
was imaged under a ﬂuorescent microscope (Leica MZ10 F, ﬁtted with
an “ET GFP” ﬁlter, a camera, and a ﬁber-optic light source) and then
washed with 1 mL of deionized water so as to imitate rain (Figure 1A).
The deposit was then sequentially imaged and washed until it was seen
to be removed, or until the number of washes reached 10, resulting in
a series of images that depict the wash-oﬀ behavior of each PVA
sample. ImageJ software was used to analyze the images by
determining the coverage of the ﬂuorescent polymer deposit. The
ﬁrst image was taken as the value for the initial “100% coverage”, and
the subsequent images were quantiﬁed as a percentage with regard to
the initial dry deposit (Figure 1C). Leaves from plants were used as
test surfaces. ImageJ was also used to characterize the diameter of the
dry deposits from the captured images.
2.4.2. Raintower Wash-oﬀ. Much of this method is as described in
section 2.4.1. However, leaves were instead lightly stuck (so as to be
removed and replaced) to ﬂexible wooden boards (Figure 1B). These
boards were clamped at an angle and placed on rotating platforms
under an artiﬁcial rain source available at Syngenta (Jealott’s Hill
International Research Centre). The rain is achieved by pumping
water through nozzles near the ceiling and ﬁltering this rain with
shutters. Both the ﬂow rate of the pump and the shutter opening can
be adjusted in order to tune the droplet size and intensity of the rain.
The result is a raintower that is capable of mimicking a number of rain
conditions. In nature, low rainfall intensities are characterized by small
droplet sizes.41,42 In order to achieve this, the ﬂow rate of the water
must be high but the shutter opening minimal. Conversely, highintensity natural rain tends to be comprised of large droplets.
Therefore, the ﬂow rate is kept low and the shutters are opened much
more. Two sets of conditions were selected in order to represent
rainfall of medium and high intensities. The intensity of 10 mm/h of
rain was achieved with an approximate ﬂow rate of 2800 L/h water and
a shutter opening of 25 mm. A ﬂow rate of 2300 L/h and a shutter
opening of 55 mm provided the high-intensity rain of 30 mm/h.
During experimentation, calibrations were made three times per day
using graduated rain gauges. The deposits were ﬁrst imaged dry and
then after each wash. Instead of a volume of 1 mL of water being used
as a wash, as in section 2.4.1, the deposits were exposed to 3 min of
rain, termed a “rain event”.

manufacturer speciﬁcations. In particular, PVA88M and
PVA88H were chosen as medium- and high-molecular-weight
partially hydrolyzed samples, but GPC shows that the
molecular weight values are very similar. WAXS and DSC
measurements for crystallinity values were generally in good
agreement. That is, the values for high-molecular-weight
samples (PVA99M, PVA99H, and PVA99VH) were greater
than those for low-molecular-weight samples via both methods,
with the exception of PVA88L. This particular sample had an
abnormally low polydispersity index (PDI), perhaps explaining
the anomalous crystallinity of around 40% from both DSC and
WAXS analysis. Measurement of the static contact angle
between droplets of aqueous PVA solutions (0.2% w/w) on
Vicia faba leaf surfaces showed that most grades of PVA are
able to “wet” the surface of the leaf better than water, except for
PVA80. However, there were no statistical diﬀerences between
the wetting abilities of PVA solutions (Figure S5). Further,
measuring the static contact angles of deionized water on cast
PVA ﬁlms was used as a characterization of the susceptibility of
PVA ﬁlms to water penetration (Figure S5).
3.1.1. Swelling and Solubility of PVA Films. Swelling data
for solution-cast PVA ﬁlms are presented in Figure 2. Each
graph represents the SD over time of a particular sample in
water at 5, 15, and 25 °C. These temperatures were used in
order to approximate diﬀerent climatic conditions. Positive SDs
indicate swelling, while values below zero show a loss of mass
and therefore dissolution. Some plots show that samples
dissolve within an hour, while some do not dissolve after 24 h.
A trend based on temperature is clearly evident. At lower
temperatures, samples universally took longer to reach peak SD
and took longer to dissolve than those at higher temperatures.
Expectedly, this highlights that temperature does have an
important eﬀect on the polymer dissolution; however, only
ambient temperature and humidity was used for the laboratoryscale wash-oﬀ experiments.
In addition, there is a distinct diﬀerence in the results
between ﬁlms of diﬀerent molecular weights. All ﬁlms formed
with partially hydrolyzed PVA (PVA80, PVA88L, PVA88M,
and PVA88H), with molecular weight (Mw) ranging between 9
and 33 kDa, dissolve within 20 min, while the ﬁlms of fully
hydrolyzed samples (PVA99M, PVA99H, and PVA99VH), with
Mw ranging between 51 and 93 kDa, do not dissolve even after
24 h. This diﬀerence may be attributed to the DoH as well, but
the fully hydrolyzed sample of PVA99L with a molecular weight
of approximately 22 kDa also is seen to break apart, if not
dissolve, within 20 min.
It was observed that PVA99L dissolved diﬀerently from other
samples. Instead of a gradual dissolution, it begins to
mechanically break apart, making the process of weighing the
sample much more diﬃcult, and a larger degree of error can be
seen in the results compared with others. After 15 min,
although the sample is not dissolved, it is so broken apart that
weighing the sample is not feasible. The anomalous behavior is
not apparent with any partially hydrolyzed samples of a similar
molecular weight or any of the fully hydrolyzed samples of
higher molecular weight. Therefore, this unique mechanism of
dissolution can be attributed to a combination of the low
molecular weight and full DoH of the sample.
The general trend of the results is that PVA ﬁlms of high
molecular weight and high DoH resist water dissolution most
eﬀectively. There is also evidence that water penetration into
the bulk polymer is much more diﬃcult at higher molecular
weights. The fact that PVA99VH (93 kDa) has a much lower

3. RESULTS AND DISCUSSION
3.1. Characterization of PVA. Results from GPC, 1H
NMR, WAXS, and DSC characterization of unlabeled PVA
have been collated (Table 1) to provide the DoH (for both
labeled and unlabeled PVA), molecular weights (Mn and Mw),
and crystallinity (unlabeled only) for each PVA sample. 1H
NMR shows that the actual DoH is close to the values quoted
by the manufacturer, which were approximately 80, 88, and
99%. GPC results for certain samples deviate from
E
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Figure 3. PLM images from 5 PVA ﬁlms cast on paraﬁlm but detached and viewed on glass slides. Both the edge and middle of the ﬁlms are shown.
Higher contrast indicates a higher degree of anisotropy. The molecular weight increases from left to right, and the scale bar equals 1 mm.

Figure 4. Laboratory-scale wash-oﬀ proﬁles for all eight ﬂuorescently labeled PVA samples, with part A showing the four fully hydrolyzed samples
and part B, inset, showing the four partially hydrolyzed samples. Droplets (0.2 μL, 0.4% w/w) were allowed to dry on leaves and imaged prior to
sequential washing (1 mL) and reimaging. Image analysis was used to quantify coverage by adjusting the coverage value of dry deposits to represent
100% coverage.

PVA88L. Low-molecular-weight polymers did not produce
anisotropic ﬁlms and showed little crystallinity via DSC or
WAXS measurements. The exception of PVA88L, with
approximately 40% crystallinity via DSC and WAXS, did not
produce anisotropic ﬁlms either. Conversely, high-molecularweight PVA with generally higher values of crystallinity did
produce anisotropic ﬁlms.
3.2. Laboratory-Scale Wash-oﬀ of Fluorescently
Labeled PVA. The ﬁeld bean wash-oﬀ data from images,
quantiﬁed via ImageJ, are presented in Figure 4. The values for
dry deposits are adjusted to represent 100% coverage.
Triplicate values and standard deviation error bars are reported.
In many cases, the value of coverage after the ﬁrst wash
increases above 100%. This has been attributed to an initial
spreading of the previously aggregated deposit around the leaf
surface.
The samples with the lowest molecular weights washed oﬀ
very readily. For the ﬁve lowest-molecular-weight PVA samples,
almost 100% of the coverage is lost by the second or third
wash. However, for the three remaining samples (PVA99M,
PVA99H, and PVA99VH) with the highest molecular weights,
signiﬁcant coverage is retained after up to 10 washes. After
approximately three to ﬁve washes a “tenacious” amount of the

maximum swelling number of approximately 2−3 than
PVA99M and PVA99H (51 and 66 kDa, respectively, and
maximum swelling numbers of approximately 6−7) shows that
at high molecular weight the penetration of water into the bulk
polymer becomes more diﬃcult. Finally, no trend between the
static contact angle of deionized water on PVA ﬁlm surfaces
and PVA ﬁlm swelling and dissolution was found (Figure S5).
3.1.2. PLM. Images obtained from PLM show highercontrast, brighter images when a sample is more anisotropic.
Figure 3 indicates that PVA samples of higher molecular weight
show greater anisotropic character than those of low molecular
weight, particularly at the edge of the sample. The
phenomenon observed at the edge of the ﬁlms is due to the
polymer particles being deposited via capillary ﬂow to the edge
of the ﬁlm as the solution evaporates.43 This well-known
“coﬀee ring eﬀect” causes aggregation of the polymer material
at the edge of the ﬁlm, inducing order and, thus, anisotropic
character. It is evident that, for PVA, greater order is achieved
when ﬁlms are formed from samples of higher molecular
weights. It is theorized that the longer polymer chains in these
samples are better able to form ordered structures, such as
lamellae.
PLM images show good agreement with measured
crystallinities of the polymer ﬁlms, with the exception of
F
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3.3. Raintower Wash-oﬀ of Fluorescently Labeled
PVA. As described in section 2.4.2, two rain intensities were
generated to wash leaves, 10 and 30 mm/h. These rain
intensities correspond to moderate and heavy rainfall,
respectively.44 Instead of quantiﬁcation of the coverage against
the number of distinct 1 mL washes, the experiments have been
performed using 3 min rain events as the washing method. The
results from washing deposits with moderate rain (Figure 7)
show a trend similar to those results gathered at the laboratory
scale (Figure 4). All samples, except the three of highest
molecular weight, were washed oﬀ by the second or third wash,
and the molecular weight dependence was observed in the
three samples that showed retention. Using this method, there
was more variability in the results, as illustrated with larger
standard deviation values, particularly with the sample of
PVA99H. The results reach a plateau level of coverage sooner
than they do for laboratory-scale results; this suggests that more
washing is occurring at the beginning of the raintower study
than the laboratory-scale study.
When the rain intensity was increased to 30 mm/h, several
samples that showed no resistance to 10 mm/h rain were
disregarded. As a consequence, the results comprise ﬁve
samples (Figure 8). This heavy rain intensity was able to
remove all but one sample of PVA after ﬁve washes. The bestperforming PVA was again PVA99VH, which was able to resist
wash-oﬀ for up to 10 washes. Interestingly, the coverage values
for this sample of PVA at heavy-intensity rainfall do not vary
signiﬁcantly from the coverage values obtained after lowintensity rain or laboratory-scale washing. This evidence, along
with the fact that PVA99M and PVA99H were washed-oﬀ
readily by the heavy-intensity rain, suggests that an important
factor for removing PVA by washing is the intensity of the
rainfall rather than the volume or rain exposure time.
3.4. Discussion of Interrelated Properties. The results
from swelling of the ﬁlms and from wash-oﬀ of the deposits
correlate. Compared to ﬁlms or labeled deposits of PVA99M,
PVA99H, and PVA99VH, ﬁlms and labeled deposits of PVA80,
PVA88L, PVA88M, PVA88H, and PVA99L are much more
easily dissolved in water and washed oﬀ of leaves. Although
partially hydrolyzed samples of PVA contain hydrophobic
acetate moieties, the disruption to intra- and intermolecular
hydrogen bonding between alcohol moieties reduces the water
resistance of these samples. The additional acetate moiety also
makes the formation of crystalline regions more diﬃcult, thus
decreasing the water resistance.
Typical polymer dissolution models state that, as the solvent
begins to penetrate the polymer bulk phase, the polymer
surface is transformed from a glassy to a rubbery state, at which
point stress may cause the polymer to crack and break
apart.45−48 These polymer dissolution models for amorphous
polymers state that there are continuous layers between pure
polymer and pure solvent where dissolution is driven by solvent
diﬀusing toward the pure polymer, with chain disentanglement
occurring toward the pure solvent.45 The “inﬁltration layer”
consists of the solvent initially entering into normally occurring
ﬁssures and holes in the polymer surface. As more water enters,
the polymer swells to a greater degree, with the regions of the
polymer closest to the solvent eventually becoming a liquid
polymer solution. It has previously been reported that polymer
ﬁlms below a threshold molecular weight do not exhibit the gel
layer and are likely to crack apart rather than swell and dissolve,
as was observed for PVA99L.46 It was also reported that ﬁlms of
higher molecular weight swell more. This is not observed in the

deposit was observed that was only gradually removed during
the remaining washes.
There is a threshold molecular weight in the region of 33−52
kDa over which PVA starts to become more resistant to washoﬀ. Alternatively, this threshold could be described as the
molecular weight over which PVA is rainfast. Over this
threshold molecular weight, rainfastness correlates linearly
with the molecular weight (Figure 5).

Figure 5. Adjusted coverage of ﬂuorescently labeled PVA deposits of
diﬀerent molecular weights on leaves after 2 and 10 washes, with the
dashed lines indicating the threshold region of molecular weight over
which samples are rainfast.

Figure 6. Unprocessed images of PVA99M (A) and PVA99VH (B)
deposits on Vicia faba leaf surfaces at various washing stages. The
number indicates the amount of washes of 1 mL of deionized water,
where “0 washes” indicate the initial dry deposit. The scale bar equals
0.8 mm.

Droplets of PVA formulation dry to form deposits with a
concentration of material in the annulus (Figure 6). In most
cases, the annulus is the last area to be washed away, or it is the
area that resists wash-oﬀ completely. This is in accordance with
observations made using PLM, in which the aggregates at the
edge of the deposits were shown to have the greatest order.
These areas of the annulus may be acting as ﬁlms, and so
behavior similar to that observed during swelling and solubility
is to be expected. Droplets dry to form deposits with irregular
shapes. ImageJ was used to calculate the diameters of these
deposits in three directions. The diameter of these deposits
ranged from a minimum of 0.84 mm to a maximum of 1.25
mm, with a mean of 1.02 ± 0.16 mm and averages for each
polymer deposit reported in Table S1. There was no correlation
between the diameter of the deposits and the grade of PVA or
rainfastness. This indicates that the viscosity of PVA, which is
intrinsically linked to the molecular weight, did not aﬀect the
size of the deposits. Similarly, there was no correlation between
the measured static contact angle of PVA solutions on Vicia
faba leaf surfaces and the deposit diameter or rainfastness
(Figure S5 and Table S3).
G
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Figure 7. Raintower wash-oﬀ proﬁles for all eight ﬂuorescently labeled PVA samples, with part A showing the four fully hydrolyzed samples and part
B, inset, showing the four partially hydrolyzed samples. Droplets (0.2 μL, 0.4% w/w) were allowed to dry on leaves and imaged prior to sequential
rain washes and reimaging. Image analysis was used to quantify coverage by adjusting the coverage value of dry deposits to represent 100% coverage.

Figure 8. Raintower wash-oﬀ proﬁles for ﬁve selected ﬂuorescently labeled PVA samples. Droplets (0.2 μL, 0.4% w/w) were allowed to dry on leaves
and imaged prior to sequential rain washes and reimaging. Image analysis was used to quantify coverage by adjusting the coverage value of dry
deposits to represent 100% coverage.

the best retention after 10 washes and that resisted dissolution
by water as ﬁlms had the highest degrees of crystallinity. As
previously discussed, the three samples that retained well on
the leaf surface (PVA99M, PVA99H, and PVA99VH) during
laboratory-scale and low-intensity rain washes showed a
tenacious amount of coverage, which remained almost constant
between the 5th and 10th washes. This behavior could be the
result of the dissolution and wash-oﬀ of amorphous portions of
the polymer, while the crystalline portions remain attached to
the leaf. The ﬂexible amorphous domains and rigid, insoluble
crystalline domains of such samples may combine to provide
the ideal properties to resist physical detachment from the leaf
during more rigorous washing.
PVA88L has a much higher degree of crystallinity than other
partially hydrolyzed samples, comparable to the highmolecular-weight, fully hydrolyzed samples. It also had an

results above, with 93 kDa PVA99VH swelling much less than
51 and 66 kDa PVA99M and PVA99H. This diﬀerence is most
likely due to the high degree of crystallinity in the highermolecular-weight samples. This is not accounted for in models
of amorphous polymer dissolution, where ordered crystalline
regions are signiﬁcantly harder for water to penetrate. The fact
that the ﬁlms of PVA99M, PVA99H, and especially PVA99VH
resist water inﬁltration to such a degree provides an explanation
as to the source of its excellent rainfastness performance.
As highlighted by the crystallinity results, PVA is a
semicrystalline polymer with a high degree of amorphous
character. For crystallinity, a sometimes large discrepancy
between the WAXS and DSC results is observed. This has been
attributed to the fact that samples are annealed during the
heating process, which is inherent for DSC experiments but not
for WAXS. With the exception of PVA88L, the samples with
H
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oﬀ of Vicia faba leaves; wash-oﬀ results correlate with the
behavior of ﬁlms submerged in water.

unusually high degree of polymerization, leading to the
assumption that the degree of crystallinity observed was due
to the abundance of similarly sized polymer chains being able to
form ordered regions in spite of the unfavorable bulky acetate
moiety. This suggests that a high degree of crystallinity alone is
not the key factor for rainfastness. Previously it was shown that
coverage of PVA deposits does not vary much with continued
washings after the second or third wash, at either laboratory
scale or raintower scale. By deﬁning rainfastness as the coverage
still on the leaf after the second wash, it is possible to compare
this quantiﬁable value with the molecular weight and
crystallinity. This highlights that a combination of high
molecular weight and a relatively high degree of crystallinity
is the key for rainfastness performance (Figure 9).
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Figure 9. Laboratory-scale rainfastness of ﬂuorescently labeled PVA
deposits as a function of the polymer molecular weight and
crystallinity.

4. CONCLUSIONS
A range of varying grades of PVA have been characterized and
ﬂuorescently labeled. Novel methods for quantifying the
rainfastness of deposits of these polymers have been established
using artiﬁcially generated rain and smaller laboratory-scale
washing. The methods can be used to test any ﬂuorescently
labeled compounds and could be useful tools towards more
intelligent design of rainfast formulations. The raintower
method has been a worthwhile validation of the laboratoryscale washing method and leads to the conclusion that the
laboratory-scale method is a good estimation of rain conditions.
The methods established will enable future studies to measure
the performance of other polymers. Moreover, incorporating
active ingredients into the experimental design will indicate if
the polymers are eﬀective at improving the rainfastness of
agrochemical formulations. The existence of a critical molecular
weight under which PVA is not rainfast and over which the
rainfastness scales with the molecular weight has been
demonstrated. It has been shown that high-molecular-weight
PVA with a high degree of crystallinity is more diﬃcult to wash
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