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Confocal Microscopy Techniques
for Coatings Research:
Surface and Depth Characterization of Latex Paint Films

Wi Wy, Done Bavcin, ond Seffroy Schrelder, Arkema fic,

aterborne coatings are mylt-component, heterageneons

sysluams contyining g varlety of additives, in addicion

towater, polyrer binders, and pigment particles, The
diztribuiion of various ingrediencs in the coating fhns direcily
affoety n oralings appearance and perloemance; foe coample,
optical propertics, subatrate adhesion, chemics] resizrance, sl
méchanical durahilily, Uhrer Thye years, 8 plechora of analytical
toods have been utilized in coari ngs characterization and deleer
identitication. Micruseopy and vibratinnal spectrmscupy are
complementary technigues and the combination of the twovan
provide the most complece toformation regarding the distribu-
tions of different coatings ingrediciats, aswell as the face and
the impact of liguids or pariiculates that come inlo contact
wich the dried coating [lms.

This arlicle repirts new appiications of two conlucal

microseopy erhniques in coatings research: contiseal Raman

Thiz paper recelved the Slheck Best Paper for lnowation Awacd of the
d6th Ancual interatianal Walsrborne, High-Sclids and Prager Coatlings
Seenposium, Febmary 24-Rarch 1, 2018, In Nes Or'cars, Lo
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microseupy ©IRM: and confocal laser seanning micrascopy
(OT.SRL. Thow confoeal mieroscope, mns of the oul-of-focus areue-
rures are suppressed at image tormation. The epvicsed Aeflected
zealtered Vght from the sample: is detocled throngh o pinhele at
the hack foral plane of the mieroscope, ensbling depih tesolution
anel g steongly reduced backgronnd signal. Az resalt, confncal
microneopes, cornpared o convanlionsl wide-field micreseopes,
sipmificant by enhance targeled analvsis and Tmage qualicy. The
deprl profiling featu e of the eonfocal seynning microscope
csenrially nllow s optical sectiening of saoyles withour destroe-
tive symple proparation like crogs-section microtoming,

CRAT vombines the chomieal sensitivicy s nd spacilcivy
of ©ihraticnu | spectroseopy with a high resolution confocal
mirascope,! Chemical deplh profifing by CRW alloses for
tracking of individual compounds or Tunetional growps aga
function of deprh ™ Since Ruman inlensitics seale finesly
with comcenl vations, guanti fics o ol chemical species is
possibie by caleulating the band area or the intensity rado of
the characteristic Raman transition relative to ao iarernal rel-
crence Band thal retains s spacial homogeneity and wempoeral



conalsteney” ¥ Combining depth
probling and lateral fmapping

of characteriaric Raman bunds
of differcnt materials, CRM hax
prrrven b be s ysetul eosearch
tool for spatiz] charactérizatiun
ol heterogeneous syslons such
as polyaer blends'™ as will as
rult -component coatings fased on different pofymer tech-
nedowies d * Tor example, CRM has been suceessfully applied
to fovesiigate the Jegrec of curing in U ¥-curable coatings"*
melamivne cocichment inpolyestersmelarnine ool voatings amd
its efMect o mechanical propectics,” the deving process und
rovermeni of the drying fran in allovd eoarings® Lhe photo-
oxiduiive degradation mechanism and ics rate undesr acceler-
ared QUV wearhering condilions, ™ coe

The use ol CRM W investgaie noncra nsparent, capeeinlly
highly pigrnented contings, has beon limited becavse Raman
I ramsitiens ate relatively weak and often overposvered by the
backprowd flusrezcence of many materials in the holotogenenus
comting avsrema. Moreower, spectrum seguisition for lateral
mapping and Jepch profiling to pain full spatial compositional
distribulion is cirme conswieing Compared o CRERL CLEM ran
prerform real-time 3T imaging vsing relection or luorescence
conteast with grostly improved zpecd and spaiad resolunion =
Tlilizing the reflection intenaities, CLEV weas ablo w reveal the
distrilbution and vriencation of plalclet-shape etfect pigmenting
metallic sutomncive basecna ' and ro menitor Wister initiaton
and yroveth inun in-gily study of Lhe corrosion proces:,"

By adding a Huerescent dve malacule. color-coded Hue-
roscenee images penorated by CLEM allowed the abuervarion
of water uptake aver time snd cavily formation during the
Tyelration-c|cpradation-eroainn process uf antiforling marine
coatings.? shimilarly, LA bas boen emploved to quantify the
prenetration depth and dizceibuation of T-curing Tuorescen!
ink pigmiencs in coated and areos|od paper Because of the
ronvasive naters of spacial-specceal analvsis, Muorezcenc
imagingis a vapldly geowing fiek) of the Diotogical sefenees
and has foand increasingly broad applications in preclinical
and clindeal studies " These swndivs alan rely on the spectral
signatures of either ntringically Auorescent molceules deg,
Munrezcent proteins intumor colls) or fuorescent mstkers
s probes, Lxtensive resescch and successful wpplicatinns.
hawve enalled real-tirme ebservation ol di fusive movement of
individual fluerescent imedecules™ and mpeoved the accuracy
ol diseas: dotection snd intrasunzical metastacic diagnosis.*
Wirh its high scneitivicy and specieity, mylispecteal loores
conee imaping s g powerful, noninvasive mecheo thae can b
emploved to monitar tregtmen? responsest and evenr to guide
nenrosuteries. © Much can be learned and leveryped from
othuer seientifie fields 1o promote e development a il applica-
tion of OT.86 technigues (or coatings research,

Tr this article, CRM und CLEA are emploved to anglyee
BOITLE COMIIION £oqtines phoenomena such as component distri-
Tulion, surfsertant leaching, stain penecralion, and removal. The
applicability and henefits of these twio confoeal rechnigueoes in
cnatings reacarcly will be demnrgtrated by three examplez. The
sparial distriburion of a sty renated additive (34 and surface
envichment of o pah merzstion surfactynr in pigmented acrylic
paints are characterized by CRAT. Tiilizing the intrinsically
Mugrescent color compounds present in grape juice, CLEM was
explored to direcily wisualize and quan#ity sluin penetrealion,

CRM has proven to be a useful research tool
far spatial characterization of heterogeneous
systems such as polymer blends as well as
multi-component coatings based on different
polymer technologies,

The fluorescence emission

from grape jufee, anormalle
undesired interferonce for Raman
apeciroscoly, was utilived t
seri-quantitatively choracicr-

i stain penctratiot and srain
vemdred), This s rricle abso duzeriles
_ the data analysis fechniques
deweloped in lhese studies to eTeotively compensate: for the
wealk Ramman sfyaals and therefore cxpand rhe vse of TR for
suantitarive and setni-quatitative andlyses.

EXPERIMENTAL

Materials
Latex and Paint Samples

The acrvlic emulsion polymers AP and AP2 were prepured
b semi -cotlipuous emulzion polymeri<ation of butvl
acrylate, methel incthacrylale, methaoerylic acid and
M-2-methacrvloyloxvethyl) athivlene vrea, & C14-016 alphg-
olefin sulfonate was used as the polvmerizaiion surlsclant ac
(0,72 parcs hased on wotal wonomers (BOCAL) o craulsify The
mangmer mis i ure and to stabilize the resilting lares particles,
The glass ransition temperadures (T ) of boch wervlic polymers
were 0°C as measured by differential scanning calorimetry
(D802 The 524 was an an rmomdum-newtealized solacion of
pelv(styrengim-methylstvrene Screlic acid) terpulymer. The
54 has g number-gveraged molecnlur weight of 6500 and an
ekl number of 208, Trs T, was Jetermined by TR to e 1115
Thu: acrvlic polymers were formulated into low 500
coatings veing the: sarne formualacion [35% volyme salids (vs;
and 314 pigrnent volume coneentration (FYC)| described in oy
previous publication.® The correspunding paing samples were
utilized in the three cyse studics and denoted as Paint [-5A
Tbased on blend ol AT and 34), Paint 1 fbascd on lace= 41010,
and Taint TT (based o latex AP

Fluorescence of Concord Grape Juice

The staining liguid, Welclv's Concord grape juive, was pur-
chased from procery stores. Flugrescencs absorplion and
vrizsion spectea of the dilued graps jnice in water wore ool
lecivd o an FLEDE0 Spectraomewt {Edinburgh Tnstramenty)
in the Taborarey for Imaging and Winetic Spoetroacopy at
Korth Careling state Universily, Absorplion was seannoed
from 2041 to 800 nm, The cmissinn spectrufn was generated
with an excitarion wayvelength ut 332 .

TABLE T—Latex and Paint Samplas Used in the Case Studies

CASESTUDY EXANPLE | EXAMPLE 2 EXAMPLE 3
gty Samgle B2 iF , AR 437 _
Hin‘ialr-uﬁu T Fair1l__ ' Pali: 1 & Bint 11 )
ool lewins W | O GBI & S5LH

Confgcal Raman Microscopy

Thu: paint [Mrme for CRAL mMessuremenl s vwere prepared on
Leneta white pancls using a Fmil deawdow n bar and dried at
2550 and A relative lmmidicw TRET) fur seven Jays, Confeal
Raman investigation of paint 8lms was conducted nnan
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Almega™ Ramun system (ThernoTishar Scientifrch, The
Almega faman vtilized the 532 nm laser (XNd:¥ V04 frequency
douhled) with a power of <25 W, Speoirs were colleered
from 64 expnsures al Laecond each vsing a 507 long worl.-
g distance (LW I objoctive, Muoltiple measorements were
made for beth lateral and depth seans o enaure reproducibil-
i1y, Depth profiling siavted from the surface of the filin with
twe-micron step change. Te ensore cxperinwental consistency,
the zero-depth position was determined under the abjectiva
of the Renan microseopns. The sample stage was raized until
the topographical fearures of the sample were it optival fecus
with reflected light and then the C-H stretching Raman
transirinn wis maximized using ihe 532 nm laser source, This
position was defined as the arigin (Rlm surface) and the deph
was delermined from the stage & Jirection micrometer,

Confocal Laser Scanning Microscope Techniques

The spatial imaging cupability of CLER was exploved for rapid
ennlirimasdion as to whether prape juiece's uorescence ecan be uti-
lized to deteet penctration of grape juics into poly e and pain
(Mg, The CLER exporiments were performed using the Kikon
Al multispecital fluovescence microncopy in Vhe imaging contex
ornthe St Manl campus of the University of Minnesota, Kikon
Alsi is 2 confoeal syarem equippead with g point-sean scan lead
and mounted o s Vikon TIO00E Dmverted, Aunresecnes micen-
s weith DL opties. A 860 no laser af A0 by weas nzed inthe
Huorescence imuging and the MTS Tlamants imaging sollwa e
was nsed to conol dats sequisition and analysis,

Stain Resistance and Washability

Sumple preparation und testing conditions were deseribed ina
previons paperst The paine Glmys wore prepared on the Leneta
white o Bilack sorub test panels using a 7-mit THTW ha e and
alloweet to dirat 25°C and S04 BH for 2 mininmun of three
days. Common honseliold stains ingluding mustard, kerchug,
hut coffes, mrape juice, wine, and blue fountain ink, were tested.
Tow liguid stuins like grape juice, 2 strip of single-ply papuer towel
wis vsed to hodd thae Tiguid stafns in place. The residence time of
the shain skaining dmed fn chisshudy waricd from 20 minw 24
brto span the range of ML cleansability and ASTHT washakilicy
tewl s, The stained panels were finsed under running tap weater,
and excess frains wire wently retoved by 2 softhrush helorea
spomig wash for 100 eyeles with water or other alkaline cleaning
golutinna (e, Tormula 409, Leneta standa rdived nonabrasive
serub mediwo: The Curner Straisht Line washability and Wear
Ahrasion ¥achine was used (o The weashabiliy dest,

Stain resistance can be visually asseszed by comparing ehe
water rinse section befre and sfler siaining sod warer rinse,
‘Lhe degree of slaining was determined vsing the AT values
messured by a BY K-CGard ner polurimeter of unstained vs
stained and washed portions of the patnc film. Far cach sam-
ple, Lwo paint drawdowns were prepared on the same Leneta
chart tn ensure that drying, staining, and washing cnndirions
wie the same, and duplicated eolor measurements and CLILM
experintenls wore recorded.

RESULTS AND DISCUSSION

CEM iz an efeclive method for quantifying the discribution
ol individual constituents in halerogumeo s systems based on
the unique Raman spectra of different marerials? * The first
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teew examples discussed in this article iMosieaie tha CRAE

ca i B wmployed to map relarive spatinl locations of various
chemical apocios cven in pigmenced, mulli-component coating
systoms, The methnds described in this ardele can be applicd
e characlerize comnpoient interacions ad distributions in
varivns polymer Monds as well az other addivives presen| in
pain Tormulations. Problems sech as material seraci Aeation,
seare@ation, ar migrdtion across interlaces due to formulation
insiability or material inconpatibiliey can thus be iden ied
and addressed,

Examgple 1: Spatial Distribution of Styrenated Additive
in Acrylic Paint Films

The effects of an allali soluble resin on the morphalogy and
mechanicul properties of neat Talex films have been reported
previously.? CRW was cmploved to quantify The discribution
ol the 84 within the polymer ilrms, Sinee the acrylic poly-
mer contained ma aromatic modecios, quan litative amalysis
wiy done by comparing e intenzities of Raman transitions
aszocialg with phenyl rings (TL_F‘.- o the addivive to that of
carbonyl groups (7 _ ol the aervdic polymer. The Ruman
intansily rarios conhivm a unifaem sparial distribotion of the
54 throughou the FBaes film 2 The provious CRR investiga-
iy weas performed on the ¢lear latex films eontaining LA
and 200 54, The SA concentration was 2,.0% in the paint for-
mulation, equivalent o 2.7% based on paine solids The same
guanlificalion approach {T,.u.-"T.:--_S' ves applied in this study to
investigate 54 dislvibution in the pigrmenicd paion filons,

Figure 1 shows the Rarnan spevera with depth increments of
10 microns flop red trace) up to 30 microns Chettom Blue rrace)
irle the film of Paine T-8A, The presence af pucile cicanium
dinwide ('T‘il.‘):;] 1% elearly seen from the Bamman spectra, Fhe Ti-0
stretching and hending | ransitions are in the speetral range
ol B30 w00 o L3 All spectral inlensities decrease progres
sively due to dopth alicnuation as CRM proles decper inle the
nont runsparent paint Al Cond rysted with the latex films, the
depeh actenualion is dramatie for the T, -comiining paint
samples owing to film opacily,

Torcunately, 1he strong Kaman transdlions of T, at low
wvenuinbers do net impede the analyziz of other specteal
features bolomging tothe aceylic pulymer and the 84, Pimoe 2
dlizplass the Raman specira of interest From $000 Lo SO0 cm*
for che Painr 1-8A film. The Raman hunsitions indicating the
presence of the 34 component are marked in Figore 2 uro-
matic £-H bending and ring breathing ar $9% cm?, avomarie
ring motien ar 1898 cme, and aromatic G TT s relvhing at 3060
cin, The larensity raties of arereme to acrvlic signacure hands
arvarieus depths were vmploved for quaniificalion of 54
concenfration. so that the influenee of signal sttennatinon was
minimized.

Figure 3 shiows the Rarean intensities of T, and the sre-
rene cransition 40 Y98 cmn s a funelion of deptly o Padne 1-54
iV, The intensity of the sLvrone peal at 98 cm is woshor
than Tif2,; thus, s nltiplication fcior of 20 is used to display
the st yrene signals on The sanwe prapl with Tio,. Figee 3
demeonstrales that the depth signal aitemation 1s similar for
Tidh, and the styrene cumponent. indicating s uniform 54
dizeriburion across the Glm chickis,

‘Lhe distribucinn of the 84 in the paint lifm was quantificd
Ty comipating the styrene peaks s eilher 998 cm *or 1508 om -
to the -1 peal al 1727 emt representing the aeeylic polymer,
Floire 4 Jispliavs the Baman intensily ratios of both styrene



FIGURE 1—Ramsn specira of Paint 1-54 film.
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Lrarsitions to the carbonyl stretching band. The Inensitr of
the 998 e (ransition iz greater than that of 1he 1398 eor
tranyition, {ts styreae to aerylic peak infensicy ratio L /T ds
therefore higher, consistent with the spectral foanares shewn
in Figure 2. Kevertheless, the bwo sets of dala in Figure 4 shos
Tittle variation as u function of film Jepeh and boch lead ro the
same conclusion, e, the 84 conencration, propnrciomal L the
Enlumsity racio, remains unchanged aeross the thickness of the
raint film, Fivare 4 vepresencs the wveraged hensity ratios
trom three v protiles at ditferene sample locations, The small
erenr bars displaved in the graph demonstrace reasonally
constant lalersl concentrations of S4 as well 55 good oepre-
ducibility of the Laman depih profiling, The reaults lurther
support the conclusion that the 54 is uniformly (e, ocomstand
conwenl ralion profile) distribolied in the pigmented puint Mms.
The CREL experinents vielded an excellent agrocmoont witl
the previous linding regarding uniform disieibution of Lhe
sdyrene additive in the neal Tatex films,”

Example 2: Surfactant Enrichment on Paink Film Surface

Cuantification by standard peale-Arting or intensity alio
requires a elean® Ruman spectrwm @ nd strong material-
specifie Barman hands, as exemplined by the ORI analesis
ol &4 distribution. LifficyTtics often arise in CRL @ nale
aig bevawse of s mipde Auorescenee, bazeline shifts, and for
overlapping peals, A smoothed second-derivative processing
approach has been shown e provide an alterpal ive quantifica-
tion precedire  The seeond devivative sharpens those subtle
lcatures that are JiMeulcto quantily in che origingl specta
and therelore ovveresmes some ol the above-mentione:| prob-
Teans. The example beline demonstrates the advanlage of this
dara analysis siraregy

The Raman spectrs of vhe Palat L flm Teom the aie-Nm
interface {real Leace) dow o 50 microns (Bloc traced ane

FIGURE S~ Raman spectra of Paind | film: 4000800 ¢m™,
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displaged in Pigure 3. The Paind T{ilm e hibits comprsitional
inhomngeneivy o the [irst cight micrans of the suefaee, bul
the spectral dillerences ave small anel can he better oiscerned
in the seennd derivatives ol vhe Raman spectra, Figwre Sa
shrvws the zecond derivarives of Kaman spectea inthe C-TT
regivn: (Z00-2A00 cm =) for the surface of Pajnl T 1o Ll
eranaibinng between 20 and 2925 em* corvespond tor Lhe

2 H surerching of merhvlene linkage -(071) - inlong chain
bardrocs than struchares, The ved trace represencs surface

M 4 pouand the greon trace represems depch (-5 ).
Highsr absolube v axcis valoes in ®igure § mdicaie higher
Raman intensities in (his speceral region iThe negative sigh iz
a result of the derivadve caleulation),

Il o ifferences in Fdvre A thus indicaty thatl a com-
pelind rich in aliphatie hydrocarbon univs resides in the top
four microns of the Paint 1 Alm, prosumably the G114 Cle
wlpba-nlefn sulfongle suefactant used in Lhe polvmerization
nf the acrylic lales (APL. Flrmre 68 displays the seoond deriv-
ativis af Bawan speetrea for the sueface of the Paint 1 film
after warer rinse, The second derivatives of Raman inlensities
are now rouch more sinuilar wmd the difference scross Hlm
depth s nn longer detecied. This sugegesls 1hat asimph rinse
of the top survface wich water is abl tharis required melimi-
nale mosk of the surface composicdoenal iInhomageneity fpond
in the top eighl micrans of the ainl T lm. The zmall spectral
chanpes inkand shapes are Tikely o consegquenase of tle rinse
process a5 the fine surface topography may have been altered

Surfaclunt leaching iz an issue (requently encowncered
with exeerior waterhurne paines, especially in high honmidity
enviranmen s Aside from the onsieh ey “annil trail” oo the
paial sneface, onenuoilocm surfactans disribotion cansed by
surfactant miwralion can fead to olher performance problens
Yike Blisier formation amd sdbesion failures, Surlace enrich-
rment of surfaciunl s las heen reported loe many loes (lms




imlying dilTerent nonioniv snd anionic surfactants used i
synthesis of emulsion polymers, ¥ In paint formuolations, the
concetcration of palymerization surfactant is significunly
reduced, The Cl4-C16 alpha-aletin sullenace surfactancwas
useal w0725 basesd on tocal momomer i the synthesis of APL
Tra cowtcentration in the liguid paint sample was 0,15 wtt
(eomeenuration im water 022w, which 1s still 2-5 tinues
bigher than its critical micelle concentration {eme) of (.07
wrd. Thiz example demonatrates thal The sensitivily of CHL
allures Tor devection of migration and surface enrichmwen, of
Vv concentralion species Mke polymerizaion surfuc) snt on
the paind Mo suface,

Example 3; Characterization of Stain Resistance, $tain
Penetration, and Stain Removal

Srain resislance, and 2asy and clean stain removal are desir-
able properdes of interior wall pains and a key performancs
calegary that the Consumer Reports® tesis and ranks for inge-
rinr paint products, ' Siain resistance is che ability of a coating
sutlace to withst wnd discoloralion cansed by contact wirh

liguids apd aolid partivulates. A washalnlity test assesses the
relulive etse ad completeness of removal of @ specific soilant
v a coating surface by serdbbing, The gualitative sener-
alization was made 1n 4 previous s(udy ehat good washahilicy
usually correspunds well to high resistance to the water-
hased household stains, ™ Two confocyl scanning nicrosenpy
techniques, CEM and CLEK, arc exploved in this study to
characterizye washability or stain removal in relacion te siain
resistames and stain penetration of polymer binders as well ag
the effect of staining time amd washing protoonls.

Selection of Representative Staining Material
and Paint Samples

weelehs Coneorl grape julce vus vsed to probe slain adsomption
and penetrulion. T was chosen as the surrogae stalinhgy agent in
this siudy hecanse 1l i a covnnoon food stain amd sorme of the
color-contributing rhemicals In grape juive are also responsible
Foar tlae culor, Menror. and aroma of red wine ™ Conseauently, any
fimding from grape juice iz expecied o correlate with ved wine,
anothier Hguid stain often speci hzd Inthe paintwashahilivy

FIGURE 6—2nd derivatives of Raman spectra for Faint Hilm before {Ga) and after water rinse {Bb).
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test; andd 20 the colors of ol her food steins sueb as mustard,
cofee, and Lon ave also attribuiable to phenalic compeunds, The
gpecd roscoy And micrgseeps meliods developed for grape juice
ure likely to be applivable o those fond and beverage slyins that
v their oeen speci e absarpion md emission spectra.

The intense color of Cnincord grape juice bas been artriboced
prrineipally Lo the prosence of anthocyaning, which are
warer-suluble yorescenl pigment s, Fignre 7 displuys the emis-
sion specl rura with cxeltarion at 532 nem for Welch's Convord
grape juice diluted in deionized water. The crission spectrum,
of the juive was recorded From 548 Lo 800 non sine Mourescenca
invxpected by be lower encrpy ernissions ui longer wavelengrhs
than the excivarion wavelengrh, The 232 nm excilalion wave-
lemgrth was chosen te mateh the laser wavelength of the: Almega
Rarmun system. This wavelengrh seleetion will b disenssed
im the section on “Characslzation of #lain adsorplion,
Penctration, and Rermoval Using CRM™ Jater 1n bhis article.

Tor o piven &luim, stain resiscance and washahilivy are
affected by the composition, surface charucteristics, arul
porasity of the paine (T, Depending on the hinder chelee and
the pain formulution sceaepy, stain resistance and washakil-
ity of the resulong oruting can vary greatly. Residoal color
trom ench stain is typically measured ay eolor chaugy, AE.
Sl AT vulues are thus desirable, dennling slight or ne stain-
ing of ihe paint surtace. Figmee & plols the total AT values of
Paint I at Paing 1T surfoces after the S-elain washalilily test.
Fajnl L and Paint 1 are based on the tero soryliv latexes, AP
and AP, inthe asme paind forowdation, firure 8 il rates
vivhlly the infuence of binder choice, highlightinge thar A2
drastivally improves removal of the five stains Investigated.

FIGURE 7—Fluotsscance emission speciram of Welch's
Concord grape juice difuted in waier.
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FIGURE 8—Fluorescence images of acrlle polymer AP2 film (bluz| stafted by grape [uice (pink).

Therefore, Paim Tand Paine LLwith scriliingly different stain
rosistanes and washability performanee, are ideal sanples
that cun e usod to provide contrast and validation for the
nbeervalions by confocal scanning microscopes |cohniques.

Visualization and Quantification of Stain Penetration Using CLSM

Fince the prosence of Huoreseent substances in the grape juice
séain has been confivmed (Figore 7, 1he fluoreseoice imag

iy capahilicy of CLSM ean be emploved (ot visualization

snd quantificacion of Juice penetradinm oo cosling flms. For
simplicity of the feasibility chevk, yrope julce was a pplivd to the
clear polsmer films wia a strip of single-ply popor towel and let
srand for pwo hours. A quick sereenivg of the atained A2 film
produced promising results: the color caded spectral mages of
the grape juice and acrylic polymers are pink «nd blue, respoc-
tively (Figire 50, This Jistinet microsenpic contrast is cncourag-
ing and can be wilized to provide spatial differentiation iorihe
prape fuice stain in the poly mer macei =< visoalization and quan-
tificativn of grape juice penetration depth s made possilde,

The: Lenetit of Tuorsseence inaging and depth profiling is
(ully iltuatesied in Fiyee $which depicrs laver-by-lapwr optical
sectinning of the stained laiesx filra. The piok color indicating
Lhe presence of prape juice was found a1 the film surlface aad
the Tlest owee micorens uader the surface. Fioure 3 shoswez 1he
CLEN irrages of the stained polymer (ilm after the sponge wash
usings Forranly 109 a common all-purpese househnld clisner.
The piak color of grape juice was ne longer visible even on e
aurface Dmage, digure 10 sugeesls relacively shallow penctration
of grape puiee inle the woll-conlesecd film ol the low T, Pl

FIGURE 8—Stain removal or washabilily performance of Palit | and Paint I
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After cleaning with Tormula 409 (he grape {irice stain was
complotely rempved from the polynrer flm sarface.

Uging this CLEM weehnique, rodwine and cotfee weee found
ter also proudues colored spectral irrages disti nguishuble from
the acrylic poly moer matris., confirming e wtilite of Uiy power
Ml toal dor visualizing g wide range of staining materials, This
i the first reporiod application of CT.AM for direct visualization
ot spatinl distribucion and penci cation of soilint: orstaing in
euating systems, The mesningiul ex lension of this teeimique
tor thi plgmented paint samples met a few challenpes Our pre-
Hminary investigation indicated That higher laser poasers wore
reguuired because the inlensity of Auomcscence was todueed
in the opague painl flms, b the staining materiale decayved
rapidly under these conditions. Quantitative measurement &l
wigual disgplay ol yrape juice penecralion baro lates films and
clean scain remnoval sfterwards demonsirye the usefulness
arud advantage of fuoreccenee tmaping, which hopetfully will
encou rae: more research eloris to adeanee the method devel
et for inore complix coating systems.

FIGURE 11—Raman spectrum of parlially drfed grape jaice.
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Characterization of Stain Adsorption, Penetration and
Removal Using CRM

in this study, the initial objective was to determine whether
agrape juice-specific Raman ranzsition can be found and
utilized. Fipare 1T shows the Baman shilted spectvum of par-
tially dried grape juice. Mut surprisingdy, strong fluoresccuce
domingted the spoctrum and no specil Baman teansitions
were detevied on the Movrescence covelope. This inferpreta
tinn is corrohorated by the cralssion speetrun in Pigaoe 7
The principle o R aman spoci rescopy is hased on ihe inelas-
ticseattering of monoch romatic lipht when the frequency of
phitens chanaes upon intersction with « sample. The fre
guency af reemitted photons from the sample is shifred 1o com-
purigon wich the original moneehromaric trequoeney, which s
known as the Ranun Effect This energy shift iz charucteristic
for the typue and conrdination of the molecules nvolved in Lhe
strtlering process and, therefore, provides infermation abou
vibratiomul md rocadfonal encegios of maleoular bonds,

FIGURE 12—Fluarescence emission and wnshifted Raman specira

af Concord grape juice.
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FIGURE 13—Grage juice-stained and uastained surlace specira of Paint | films.
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Analytical Series

Figure 12 compares the noshifted Raman specerun wich
the emission spectrum from grape juice using 532 nim exci-
Faiiom. The Raman cxeitation laser is alse w 532 am, which
allows the unshifted Raman specieum to be recaleulated
lvirm the Baman shifted spectrum (#rimore 103 and Lhe exel-
tatiom wavelength ai 332 nm, The (wo specira in Figuee 12 are
simmilar in overall shape. The abserved shift in the maximom
15 possalily o conseduence of recording the ecrvesceneein g
partially dried seate for the Raman oxperiment and in water
fur Lhe cmission spectruim. (e way to minimize the ua-
resccnce s o s s lonwer wavelenslh Taser; the drawhacks,
howewver, wiould be loswer Raman intensity. 1t will be difficult
wilh g Inwer cnerey laser to resolve the low surface concen-
tration effect of colar Tedics T The grape puiee.

The lnvrescence envelope was also observed for Painl T
and Paint IT samples staimed with grape Juice. Figuees 13 dis
plays exemplary Raman speccra taleen on the flm surface of
Painl T. 4 “hump® between 1116-3071 cm' was presentin the
spectri of the stained and water-ringed paint films, consis-
tcnl with Lhe Kaman spectrum of the drivd grape juice in the
same spectral range. This region of the Muorescence envelupe
is denoted as “high trequency curvature.”

With no juice-specilic Ramnan peaks, 3 powel data anal-
yais methodology was developed o exploit the fluores-
conee envelope i the *high frequency curvatues® region.
Bemi-quantitative analvsis of grape juice concentration
and penclration depth was performed by normalising the
area under the curvaluve $148-307 1 e o the areant C-H
stretching transition berween 3075-2708 cm™ T aecaunl

FIGURE 14—5pectra of unstained and grape juice-stained Paint | [14a)
and Paint 11 {14b).
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FIGURE 15—Differsnce in discoloratlan of Paint § and Paint I} surfates
by grape juice.

Paint I AE = &7 Paint II: AE =0.7

lor cxperimenlal varinbles, This intensity ratio significs the
cacentracion of grape juice. The resylls frendeplth profiling
ol the nnstained and the stained samples of the two paints are
Presented in Figurs M. The inlensitby ratios of both unatained
sumples, as expected, are relatively constant. After twao hours
al contach willo prape juice followed by a gentle water rinse,
the samples displayed an intensity allenuasion lor che cop sur
Mea layers. The minimum in the depth profile plot was taken
as the end pointof grape juice pemclelion,

Lhe ditterence 1n the surface concentration of grape juice
hetwoon The Do paing Dhins wos supported by the csoenl of
discoloration. e 18 provides photos of ¢wn stained and
walur-ring painl panels along with the measured color
change or AT due to grape juice staining. Tois clear from che
wisnal comparizon of the two photos and the measured AE
valaes that Paint TT has gecaler slain resislames and beseor
wushability than Paint 1. A highly stain-resistant coating sur-
Tace is more dilMicull Marstaing o adhers to and allowes casiee
removil of any residaal stain during washing eycles. For Paint
TL o simple waler ringe removed most of the stains, supsesl-
ing that the adhesion and adsorption of grapss juice an the
pAinl sutface: s woak and the stain penetration is mininal.

Figure 1a illuscraces the eects nlgrape juice staining time
on Paint | and Paine L films, In both cases, the intensity ratie
af the high Mrequency curvalure ared (o Vhe C-H slrelching
ured inereqses with nereasing stain residence time, digonre
die showes e Tomper slaining iime lewds to  higher sur-
tave concentrarion of the color compnunds left by grape
juice. A barge upaard shifl is seon when the staining vnwe
changes from 20 min to twa hours. Bevond two hours, the
shills beoorme spouller with further inerense of staining tine.
Compared to Paint I, asntaller change in sdrface concentra
Hom wngd penetrution distance was obzerved for Pajor L1, This
indicates thae the impacc ol Tonger slaining time was redoced
P MRS stin-Tosistant coating systen.

Begides higher surface cnncentravion, fthe grape uice stain
was dlso Jetected at inereased depth in Paine [with longer
saining time. For Paing T {Figare Taah, the penclralion depth
wis (-# microns after staining for 20 min. When grape
juice was lelton he gainn Gl for tyeo howrs or lougsr, ivs
praetration depliinereased to 10-12 microns. The maxinon
arain penclealion depth in Paint 11 was -6 mictens afler the
lenpest staining me of 24 b, Lower surface concearrarion
and reduced stain penehralion rosult in an easy-to-clean paind
surface. These concluzions from semi-guantitaeive analyses



al Raman spectea are in exeellenl agreement sith The color
Mmeasurenients on the same panels.

Cealor chamwe as g function of wrape julee staining time is
shirwn in Figure (7 lor Painc Tand Paint 1T, The AR or depree
of diseoloration corresponds to the coneearrarion of stain-
irag oty adsorbed by and eoleapped b the coaling,
Eimilar to the magnitude of curve shifting in iémere 146, the AL
value wereases Baearly wich vhe inerese of the weape juiee
sraining time Meam 20 min to loure hodra, Turther increases nf
staining time np te 24 b did not couse substantially beavier
dizcaluration, pussibly boecause the syslenn was apmenach-
ing adsaeption equilibeiom after fowre houes. Tn the range of
staining time studied, P'aint 11 consistently exbibited less
colar changs Mearm The grape juice staio, The slupe of the
AE chanpe was oo as sreep as that of Paint T in the Hinear
rgion al slainine lime between 20 min and fowr loures, The
results showsn in Fhyares 8, 16, and 17 are sell-consistenc and
all demonstrats that I'aint 11 has greater stain resistance and
hecter washahilicy.

Figore 18 shows the depth profiling results for the stained and
leanead Pairn T Rms, The caperimenia] varialblos conmpaeed in
Iimgre 18 ave staining dine (2 vs 24 hy and cleaning procedure
Caraler s ws vealer rirse Dol loesd by spompe weashl, Tocasond
the likely spectral incerfzrence af other cleaning chamicals, only
the resalrs fron the warer rinse and the sponge serabbing using
sl re repried here foilliatrane Lhe eilfect ol washing pro
toeol. For hoth sets of data, the intensity ratio mdicative of siain
congenl ralion is loser g Ner vhe sponge weaslogsing warer, The
mechanical forces involved in the sponge waszhing procedure
move cffizetively removed the wrape juloe slain than Just @ water
rinse. The minimum heoween 10+ 2 micenns in the incensicy
Tarios, however, was not changed by the more foreeful sponge
weashing. Fisaiee 15 alan demonairales thal anes srain penetra
tion oecurred, the staining depth was basieally unchanged by
micchanical spenge serablbing, The vesulls Tncdicale that [im
ernzion was not the mechanizm for staln removal from the
Lainl Lsacfaee, and thal che chickaess of deicd prape juice did
not increduce significant measurement error Thevefore, the
cloa 11 frgmere 28 verified chat deprh determinadion using CRW
is reasnnably accurate and reprodocilile.

Latex paints all have varying degrees of perosite, depornsl-
ing e e formalalion (e, chnices ol Binder, pigments, and
PV The penetration of o liquid in porous systems is usoully
vivw ] 25 o spomaneous process driven by capillaey Torees ™
Penetration of o liquid stain can be estinared wsing the classic
Torca s-Wushbrn-Rides VW TIE R eguation™:

(R
¥ = | Efs'mén cosd F
29,
q L

wherew aml v are the surtaec tension snd e siscosite ol
scain, respectively B is che eancact angle; and R is the porosity of
the costing filma, Lo addition, the Ly Beguation also descriles
cthi dependence of penceration distance on tine: x o W,

Mo artemape weas maade to moedel gTape jolee peoctralicn
with regards o its cime dependence hecause of the data range,
Baman depth prodiling was domw in 2-pam step-sean meremenils
(e a noneantinuoas varallar and the decpest stain penetra-
Hon distanes was 10-12 miccons §Le., o telatively smual] range
e 4 00 12 miceonsy Addilianally, e hiold the liguid srains in
place, the srape julce wos applied to 2 bayer of whsorben) paper

FIGURE 16—Efbect of staining fime on Paint | {16a) and Paint 11 {16b) surfaces.
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FIGURE 17—Discoloration or color change as a functlon of grape

juice residence tme.
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FIGURE 18—Effect of washing procedure; sponge wash vs water rinse.
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Analytical Series

towels covering the paint surface. This particndar med bl
of atain applivalion conylicates or alters the inleraccinn of
the stain with the coating surface. Consequently, the experi-
mertal datu are not expected to strictly follow the theorelical
predictions ol @ srains wel ling, adbesion, and penecration
behavivrs. However, the semiguancitative determaination of
arain adhesionfadsorprion, penetracion, amsk removal using
the CRA data analysis procedure acas validated by the visual
chservarions s washability results. Mot surprisingly, slaining
time and washing procedurcs both Influence stain adsorption
desorption nnd ultimately stain removal or washabilice The
resulls af The twe scrvlic painns clearly demons! ratg that gond
rashability can be achigeed by optimising scain resistanee of
paint filins and minimizing stain adzorption and pent ralion.
A stain-resistaud coaling like Pyind TTis Thos highly preferred
because it can minimize or prevent wetting, adhesion. and
prenci ralion af slaining materials,

CONCLUSIONS

This arlivle reports on surface and Jepth prodle characreri-
zation of waterharne costlings ysing confoeal Raman micros-
copy (CE M) and contocal Inser seonning mictoscopy (CTANT
Using Baman inlensiy vadlos, 4 unifoem spalial diacribution
of a styrenated additive (SA) throughout the acrylic paint
1T wews cunfirmaed. The second derivative aualysis of CRR
data revealed that surfacrant migration was detectable 1 the
pigmentsd pait film as well, even though the concenl ralion
af polyrerication surfacian iz signileantly reduced inthe
paint formmulation. Utilizing the intrinsleally Anorescenl color
cormpaifds presenlin the Weleh's prape juie:, CLEM was
exploved for divect wisnalization and quantificarion of stain
peretralion and remeval, A novel data analesis spproach
developed in this work allovecd the uze of CRM for seni-
yuaniilative characterization of adsorptiom, ponol talion,
and remival of grape: juice slatns, Fluoreseence has beenan
unwanted limiration of Raman spectroscopy, but this shoel-
coming was eMechively ulilized in vhis work, The results cor-
related well with the data nbtained by the conventional slain
ramival o washability test and at the same time provided
raluable inzight inee staining and arain removal processes,
Tl h SR and CLSK offer chemival spocifcity and
high-resolution spatial analysis and are chins powertul tools
for determining chemical composition and comypanent dis-
tribucion af multi-com ponenl coating aystems. The examples
dezeribed in this article effectively demonstrate the yaciul-
neas and advantage of these conlocal seanning technigues
aind the need for courinved methnd develomment to cxpand
their applivation in vostings research,
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Industry Profile: Br. Wenjun Wu

Or. Wenjun Wu is currcntly a Rosearch Fellow at Arkema Caating
kcsins 2nd global Waterborne Tecnnology and innovatlan
Lendar. She has develapad numerous technology piatforms and
succassiully commerialized over 20 new binders and rhaalogy
madifiers fer applications in architectural coatlngs, persanal
care, and Aircraft anti-icing fluids. & cartlfied Six Sigma Black
Belt, she nas also held posilons such as research lcader and
intetlectual capital ihianager in The Dow Choemical Comparsy,

Wu recelved B.5. and M5, degreas from Peklng University, and a
Phe.0. friom the University of Southen Califamiz. Sho was a post-
doctora; rescarchoy at Honkel Carporation from 1986 10 1996,

W is the revipient of many incdustry frenos, In 2019 alone, sho
has beon recognized for herwark with twae prostigious awards.
In Mavch, she aned co-author Br. Christopher illar of drisama
received 1he Eurapean Coatlngs Show Best Paper Award fos
their paper, “Developing a Deeper Understanding of the Effect
nf Latew Design Parameters on Final Coating Film Properties”
In Felruary, she was recoqnized with the Siltech Bast Paper
for Innowation Award at the d&th Waterbome Symposiure in
Mew Orleans. Priorto that, she has beon the recipicnt ot an
ALS Best Paper Award, o Roon Foundation Award, and Society
af Cogmetic Charnisl Award, In additlon, W has recaved 33
intornal awards including Ewo-time Arkama CED Performance
Awards, bwa best paper awards, and two technalooy center
awvards fram The Dow Chamlcal Compary, She |5 & recognled
axpert on emutsion polymeization, colioid and surface science,
latex polymer charactozization, as well as design of cxporiment
{D0E) and skatistical analysis.

Wheon asked about what motivates her work, Wo responds, |
find A great deal of excitemant in problom salving and cantin
waus lening. Fm ae blessed to hove warked with and learmed
from many great soientists during my career, Indostrial ressanch
and dovelopment has becn a fun and satisfying foumey because
of ample npporiunities to provide technical solutions to enhance
and enlch people's llves™ A parsenal goal is halplng to develop
young lalenls, She wishes 1o devole more Fme Lo <oaching and
montoring researchers whao are interested in the coatings fisld.

As evldenced Inthls artlele, Canfacal Microscapy techrelgues
hriawe been an area of focus, According 16 Wo, “Mon-
dostructive Confocal Microscopy technigues have been
emptoyed by otnar researchars to study curing and weath-
erlng of clear Loating fnlshes, Wa hawva bean abla to extend
Confecal Technigues far characlerialion af companant
distribution in nen-transparent, piarmented coatings. By shar-
ing our resgarch
resulis, we hope
i encourage
continued method
developrnant
affarts to furthear
axpand the appli-
cation of Conlecal
Tochniques far
mare camplex
Coating syskpms.”
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