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Abstract
The increasingly sophisticated nature ofmodern,more environmentally friendly cementitious
binders requires a better understanding and control particularly of the complex, dynamic processes
involved in the early phase of cement hydration. In-situmonitoring of properties of a constantly
changing systemover a defined period of time calls for simple, sensitive, fast, and preferably also non-
invasivemethods like optical spectroscopy. Here, we exploit the time-dependent changes in the
absorbance andfluorescence features of the negatively charged optical probe 2′,7′-difluorofluorescein
(DFFL) for the study of the hydration processes in pastes of white cement (WC), cubic tricalcium
aluminate (C3A), and tricalcium silicate (C3S), themain phases of cement, and in pastes of quartz (Q)
over 24 h after addition of the dye solution. For comparison, also conventional techniques like
isothermal heatflow calorimetry were applied. Based upon the time-dependent changes in the
spectroscopic properties ofDFFL, that seem to originatemainly fromdye aggregation and dye-surface
interactions and considerably vary between the different pastes,molecular pictures of the hydration
processes in the cement pastes are derived. Our results clearly demonstrate the potential of optical
spectroscopy, i.e., diffuse reflectance, steady state and time-resolved fluorometry in conjunctionwith
suitable optical reporters, to probe specific hydration processes and to contribute to a better
understanding of the early hydration processes of cement at themolecular scale.

Introduction

The development of building materials with signifi-
cantly lower CO2-footprint is one of the main
challenges of the 21st century as the construction
business contributes to about 40% of the global
anthropogenic carbon emissions [1]) to which cement
industry contributes mostly with around 8% [2, 3].
The main component of cement is clinker, to which a
defined amount of a calcium sulfate (gypsum
CaSO4

*2H2O, hemihydrate CaSO4
*1/2H2O, anhy-

drite CaSO4) is added as a setting regulator to avoid
flash setting. Clinker consists of four main phases:
tricalcium silicate (C3S=Ca3SiO5=Alite), which
constitutes the largest part of clinker (45–80 wt.%),
followed by dicalcium silicate

(C2S=Ca2SiO4=Belite) (0–32 wt.%), tricalcium
aluminate (C3A=Ca3Al2O6) (4–14 wt.%%), and
tetracalcium alumino ferrite (C4AF=Ca4Al2Fe2O10)
(7–15 wt.%) [4]. C3S and C2S react with water to
calcium silicate hydrate (C–S–H) and portlandite
(Ca(OH)2), which determines the stiffness and
strength of concrete. The reaction of C3A with water
significantly contributes to the workability and the
slump life of fresh concrete [5–8].

Established analytical methods to study the pro-
cesses during cement hydration include isothermal
heat flow calorimetry [9–11], in situ XRD [5, 12–14],
solid-state NMR [15–18], NMR relaxometry [19, 20],
ATR-FTIR spectroscopy [21] and Raman spectrosc-
opy [22–24]. As indicated by calorimetry, the strongly
exothermic hydration of cement [9, 25, 26] can be
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separated in four main phases, namely (i) a short and
strongly exothermic hydration process upon contact
with water that is characterized by the dissolution of
aluminum-rich clinker phases and slows down within
a few minutes, (ii) an induction period, that lasts from
a few minutes to typically a few hours, at the onset of
which the hydration rate rapidly decreases, (iii) a third
period of several hours, during which a scaffold of C–
S–H–sheet structures form, portlandite and ettringite
crystals grow, and the voids between cement particles
start to fill, all leading to the setting of cement, and (iv)
the continuous hydration, where the hydration pro-
cess is assumed to be controlled by either slower diffu-
sion or space filling [11]. During this fourth phase, that
lasts for several hours depending on the cement com-
position, the water to cement ratio and the used
admixtures, cement hardening increases and the pore
diameter between the cement particles gradually
decreases with time.

Although the structural changes in the first stage of
cement hydration have been assessed with different
analytical methods before, an in-depth understanding
of the processes occurring during cement hydration at
the molecular level requires analytical methods that
enable to continuously study the hydration processes
in situ in real time without the need to stop the hydra-
tion process. This calls for optical methods like reflec-
tance and fluorescence spectroscopy. Optical
methods, that often utilize reporters with specifically
chosen absorption and/or emission properties for sig-
nal generation, have been successfully used for the
analysis and in situ monitoring of the interactions
between a broad variety of nanoscale and molecular
systems, and chromophore-surface interactions
[27–38]. Examples for the latter present textile dyeing
and the production of colored ceramics [39, 40], the
staining of tissue sections or selected cell organelles in
forensics [41] as a prerequisite for the analysis with
fluorescence microscopy [42–44], and the character-
ization of clay surfaces [29, 36, 45]. Encouraged by first
studies on the early stages of the hydration of C3A
pastes probed with a water soluble fluorescent cyanine
dye and the good correlation between the changes in
the optical properties of this reporter dye with the
results of XRD measurements [27, 28], we expanded
these investigation now to the distinction between dif-
ferent cement phases, here using less expensive and
broadly used 2′,7′-difluorofluorescein (DFFL)
[46–50]. This dye was chosen here as it is very water
soluble, has a high molar absorption coefficient and a
higher fluorescence quantum yield than our pre-
viously used cyanine dye S0586, thus enabling even
more sensitive opticalmeasurements. DFFL is stable at
basic pH values above 12 and high ionic strength as
characteristic for cement-water systems and has pH-
responsive absorption and emission features. More-
over, this fluorophore is negatively charged while cal-
cium aluminates (C3A, C4AF, and ettringite) [51–53],
as well as calcium silicates (C3S, C–S–H) present in the

pore solutions [52, 54, 55] are characterized by posi-
tive zeta-potentials. As the calculation of the dye
absorbance in the presence of gray colored conven-
tional Portland cement with its gray color is challen-
ging (the reflectance of such a gray paste is between 11
and 17 percent depending on the detection wave-
length), for the optical studies, only pastes of white
cement (WC), a Portland cement with a very low
amount of Fe2O3, were used. In addition, also pastes of
the pure main phases of WC, namely C3S and cubic
C3A, were analyzed, as well as pastes of a relatively
inert quartz filler (Q), that are subsequently referred to
as WC-DFFL, C3S-DFFL, C3A-DFFL, and Q-DFFL
pastes.

Experimental

Materials
All materials were used as received. White cement was
obtained from CEMEX Deutschland AG (CEM I
42,5 R (dw)), tricalcium aluminate (3CaO.Al2O3) and
tricalcium silicate (3CaO·SiO2) from VUSTAH,
Research Institute for BuildingMaterials, Brno, quartz
filler from Euroquarz, Ca(OH)2 from CHEMSO-
LUTE, and KOH from PanReac AppliChem ITW
Reagents, respectively. Microscopic slides and glass
plates were purchased from Menzel Gläser, and UHU
PLUS 2 k-epoxy glue (curation time=5 min) from
UHU GmbH & Co (Bolton Adhesive Group). The
chemical structure of the dye 2′,7′-difluorofluorescein
(DFFL; Oregon GreenTM 488) [46, 47, 49], purchased
fromFisher ScientificGmbH, is shown infigure 1.

The composition of WC was determined on the
basis of the X-ray Rietveld spectra and applying of the
Match! Software with the PDF2-2003 database [56]
and is summarized in table 1.

Figure 1.Chemical structure of deprotonated 2′,7′-difluoro-
fluorescein (DFFL) as formed at pH>6 [47] adaptedwith
permission fromA.Orte, L. Crovetto, E.M. Talavera, N.
Boens and J.M.Alvarez-Pez, Journal of Physical Chemistry A,
2005, 109, 734–747Copyright 2021AmericanChemical
Society.
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Sample preparation for diffuse reflectance and
fluorescencemeasurements
0.31 mg DFFL were dissolved in 2.66 ml
Ca(OH)2-solution (cDFFL=3.2*10−4 M) obtained by
dissolving 2.7 mg Ca(OH)2 in 50 ml milli-Q-water
(Cca(HO)2=0.73 mM, pH=11.3). DFFL is stable
under these conditions for more than 24 h (see figure
S1 (available online at stacks.iop.org/MAF/10/
015001/mmedia) in the Supporting Information
(SI)). At this pH, DFFL has a molar absorption
coefficient of 36,000 lmol−1 cm−1 at the excitation
wavelength of 465 nm (92,000 lmol−1 cm−1 at the
absorption maximum at 490 nm) and a very high
fluorescent quantum yield of 0.9 (see table S1 in the
supporting information).

A water (w) to solid (s)mass ratio (w/s) of 0.5 was
used for theWC-DFFL and C3S-DFFL pastes. The w/s
ratio was increased to 1 for the preparation of a homo-
geneous C3A-DFFL paste, because C3A immediately
reacted with water and no homogenous paste could be
prepared at a lower w/s ratio. The Q-DFFL pastes had
to be prepared with a w/s ratio of 0.25 due to the con-
sistence of the pastes as the samples had to be posi-
tioned vertically in the spectrometers and therefore
should not be too liquid.

22 mg of the dry powder (WC, Q, C3A, C3S) were
placed on a microscopic slide (26×76 mm, with
indentation of 1.20–1.50 mm) and 11 μl of basic dye
solution (for WC-DFFL, C3S-DFFL), 22 μl (for
C3A-DFFL) or 5.5 μl (for Q-DFFL) was added. The
pastes weremanuallymixed for 2 min, before themix-
ture was covered with a glass plate (20 mm×20 mm),
which was fixed with epoxy resin to prevent the eva-
poration of water or the carbonation of the pastes.
Each paste was prepared at least four times, whereby
two examples were used for fluorescence measure-
ments and the other two for reflectance measure-
ments, respectively.

Opticalmethods
UV–Vis diffuse reflectance spectra (UV-VisDR)
The absorption properties of optically not transparent
cement pastes are only accessible by diffuse reflectance
measurements and the subsequent calculation of these
features using the Kubelka-Munk function (KM
absorbance) [57–62]. UV-VisDR spectra were
recorded with a Perkin-Elmer LAMBDA 900

spectrophotometer in the wavelength range of 300 nm
to 2200 nm over a period of 24 h in intervals of 20 min
The Perkin-Elmer LAMBDA 900 spectrophotometer
is equipped with a tungsten lamp, a double mono-
chromator, an integrating sphere with a diameter of
150 mm, and two detectors, i.e., a photomultiplier
tube PMT R-955 and a PbS detector, located at the
bottom of the integrating sphere. The integrating
sphere was operated in a double beam mode. Short
pass filters with cut-off wavelengths of 500 nm
(SP500) and 525 nm (SP525) were used to suppress a
contribution of dye fluorescence to the measured
reflectance spectra (see SI, figure S4). The filter SP500
assures the complete suppression of fluorescence of
the used dye and allows the determination of its
maximum absorbance, but partly distorts the signal
form of the calculated absorbance spectra (see SI,
figure S5). Therefore, additional measurements with
filter SP525 were done to enable the analysis of the
shape of the absorbance signals. A calibrated
Spectralon® reflectance standard SRS-60-010 from
Labsphere was used as a standard for 60% reflectance.
The slides containing the cement pastes were placed
outside of the integrated sphere at a port with an angle
of 8°. The diffuse reflectance data were converted to
Kubelka-Munk function values (F(R∞)) according to
the Kubelka–Munk equation (see (equation (1)))
[57–59, 61]. In equation (1), F(R∞) equals the
quotient of the absorption coefficient (k) and the
scattering coefficient (s) at a selectedwavelength.

( ) ( ) ( )
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The absorption coefficient k is proportional to the
concentration of the dye (see (equation (2)).

( )*e~k c 2

The absorbance signal (KM) of the dye in the
pastes was obtained from the difference of the absor-
bance spectra (KM) of the dye-containing pastes and
the spectra of the respective pastes without dye.

Fluorescence emission spectra
Emission spectra were measured with a calibrated
Edinburgh fluorometer (FSP920) in a front face
geometry in a spectral window of 475 nm to 725 nm
employing an excitation wavelength of 465 nm. These
measurements were performed in intervals of 20 min
over a period of 24 h whereby complete fluorescence
spectra were measured. Subsequently, the fluores-
cence intensity at the emission maximum of each
spectrumwas plotted as a function of hydration time.

Time-resolved fluorescencemeasurements
The fluorescence decay curves of the pastes were
measured with a calibrated Edinburgh fluorometer
(FLS920) in a front face geometry employing an
excitation wavelength of 465 nm of the SuperK
Fianium-laser FIU-15 from NKT Photonics and a

Table 1.Composition of thewhite cement used in this study.

Component

Weight percentage of the component in

white cement/%

C3S 57.3

C2S 23.6

C3A 8.1

C4AF 0

CaSO4 (Anhydrite) 10.1

Ca(OH)2 0.9
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detection wavelength of 525 nm. The fluorescence
lifetimes of the samples were obtained from the
recorded decay curves after deconvolution of the
instrument response function (IRF) utilizing the soft-
ware package FAST (Fluorescence Analysis Software
Technology) from Edinburgh Instruments. The IRF
was measured with a diluted Ludox® HS-40 colloidal
silica suspension in water (Aldrich Chemistry) excited
at 465 nm. The concentration of the component c1

with the lifetime t1 was calculated according to
(equations (3) and (4)), whereby R(t) describes the
exponential fit of a fluorescence decay curve with two
exponential terms and the weighting factors B1 and B2,
respectively.

( )=
+

c
B

B B
3sh

1

1 2

( ) ( )= +t t- -R t B e B e 4
t t

1 21 2

The concentration csh of the components with the
two shortest lifetime ts 1 and t2 was calculated accord-
ing to (equations (3) and (4)), whereby R(t) describes
the exponential fit of a fluorescence decay curve with
three exponential terms and the weighting factors B1,
B2 andB3, respectively.

( ) ( )=
+

+ +
c

B B

B B B
5sh

1 2

1 2 3

( ) ( )= + +t t t- - -R t B e B e B e 6
t t t

1 2 31 2 2

X-ray diffraction (XRD)
To characterize and quantify the mineral phases
formed during cement hydration, XRDmeasurements
were performed with a Bragg–Brentano geometry
Rigaku Ultima IV diffractometer under the following
conditions: CuKα radiation (λ=1.541874 Å), 40 kV,
40 mA; sampling interval: 0.05° 2θ; scan rate: 3.3° 2θ
min−1; scanning range: 7°– 37° 2θ; divergence slit: in-
plane 0.5°, axial 10 mm; strip detector D/teX Ultra
with 5° Soller slits. The calibration of the diffract-
ometer was done using a Si polycrystal. The qualitative

phase identification was achieved with the Match!
Software with the PDF2-2003 database [56].

Isothermal heatflow calorimetry
The isothermal heat release was determined with a
TAM Air calorimeter from Thermometric AG, Swe-
den. Pastes were prepared using White cement and
deionized water at a water to cement ratio of 0.5 and
subsequent mixing for 2 min 15 g of this paste was
employed for the calorimetricmeasurements at 20 °C.

Results and discussion

Analysis of pasteswithfluorescence spectroscopy
In the freshly prepared pastes (t=0 h), the fluores-
cence intensity of the dye DFFL decreased from the
pastes of Q-DFFL (w/s=0.5), over WC-DFFL (w/
s=0.5) and C3S-DFFL (w/s=0.5) to C3A-DFFL
(w/s=1) reaching values of 77% in the WC-DFFL
pastes, 46% in the C3S-DFFL pastes, and 5% in the
C3A-DFFL pastes relative to the maximum fluores-
cence intensity of DFFL in the Q-DFFL pastes (see
figure 2, left). Interesting is the low fluorescence
intensity of DFFL in the C3A-DFFL pastes considering
the higher dye concentration used, exceeding that
utilized for the other pastes by a factor of 2. 10 h after
paste preparation (see figure 2, right), the fluorescence
intensity of DFFL in Q-DFFL paste was still unaffected
while for the WC-DFFL and C3S-DFFL pastes, it
considerably decreased during the first 10 h.

The time-dependent changes in the maximum
fluorescence intensity of DFFL in the Q-DFFL, WC-
DFFL, C3S-DFFL, and C3A-DFFL pastes are summar-
ized in figure 3. The curves were normalized at the
respective initial fluorescence intensities (t=0 h),
that differed (see figure 2) for a better visualization of
the differences in the respective time-dependent
changes.

The DFFL fluorescence in the WC-DFFL pastes
decreased after 4.5 h and reached a constant value after

Figure 2. Fluorescence spectra ofDFFL in the pastes ofQ (w/s=0.5),WC (w/s=0.5), C3S (w/s=0.5) andC3A (w/s=1),
measured 10 min (left) and 10 h (right) after paste preparation. Inset: Normalized emission spectra of the pastes and aDFFL solution
(dashed line, pH=12.6).
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10.5 h, equaling approximately 15% of the initial
fluorescence intensity. In contrast, the fluorescence
intensity of DFFL in the C3S-DFFL pastes decreased
very rapidly after a short increase in the beginning of
the hydration. After 6 h, the intensity was only 15% of
the starting value. The maximum fluorescence inten-
sity of DFFL in the Q pastes also decreased moderately
with time. The spectral position of the emission max-
ima of DFFL in the Q-DFFL, WC-DFFL, C3S-DFFL,

and C3A-DFFL pastes obtained at the beginning of the
hydration process, after 10 h and 20 h are summarized
in table 2. Apparently, only for the C3S-DFFL paste,
bathochromic spectral shifts occur.

Comparison of time-dependent fluorescence
intensity changes with isothermal heat flow calori-
metry results.

Figure 4 summarizes the time course of the fluor-
escence intensity of DFFL in theWC-DFFL pastes and
the isothermal heat flow calorimetry results obtained
with thisWC paste without DFFL. The heat flow curve
shows typical peaks and shoulders related to cement
hydration as reported in the literature [9]. The second
maximum is assigned to the point of deceleration of
the fast growth of calcium silicate hydrates (C–S–H)
[10, 20, 26]. Apparently, with the onset of formation of
C–S–H, the maximum fluorescence intensity of DFFL
starts to decrease. We attribute this drop in DFFL
fluorescence to DFFL adsorption at or intercalation

Figure 3.Time course of themaximum fluorescence intensities ofDFFL in pastes ofQ-DFFL (w/s=0.25, black),WC-DFFL (w/
s=0.5, blue), C3S-DFFL (w/s=0.5, pink), andC3A-DFFL (w/s=1, green), normalized to 1.

Figure 4.Time-dependent normalized heat release of aWC-paste withw/s=0.5 and the time-course of DFFLfluorescence intensity
inWC-DFFL pastes.

Table 2. Spectral position of the emissionmaximumof
DFFL in the pastes ofQ-DFFL,WC-DFFL, C3S-DFFL, and
C3A-DFFL at different reaction times. The emission
maximumofDFFL in a saturatedCa(OH)2 solution is
located at 514 nm.

Sample/time t=0 h t=10 h t=20 h

Quartz 518 nm 518 nm 518 nm

White cement 519 nm 518 nm 518 nm

C3S 523 nm 529 nm 529 nm

C3A 518 nm 518 nm 518 nm

5
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[63] into calcium-silicate-hydrates, see also discussion
in the following sections.

Diffuse reflectance spectroscopy
To discriminate between the different possible pro-
cesses affecting DFFL fluorescence like the interaction
with surfaces, i.e., of cement particles or hydrates, dye-
dye interaction (dye aggregation) promoted by cations
like Ca2+, specific dye-metal ion interactions, and a

decomposition of DFFL, we performed time-depen-
dent diffuse reflectance measurements with the differ-
ent pastes.

The absorbance spectra (KM) obtained from the
diffuse reflectance spectra measured at the beginning
of the paste hydration (t=0 h) and after 10 h are
shown in figure 5. The most intense signal results for
DFFL in the C3A-pastes at t=0 h as to be expected
from the higher amount of DFFL used. After 10 h of

Figure 5.Absorbance spectra (KM) at t=0 h (left) and t=10 h (right) of theWC-DFFL andC3S-DFFL pastes (w/s=0.5), theC3A-
DFFL pastes (w/s=1), and theQ-DFFL (w/s=0.25)measuredwith a cut-off filter of 500 nm.

Figure 6.Normalized absorbance spectra (KM) of the pastes prepared fromQ (first row, left), C3A (first row, right), C3S (second row,
left), andWC (second row, right) at different times of hydration and the absorbance spectrumofDFFL in saturatedCa(OH)2 solution
(dashed line). Themeasurements were donewith a cut-offfilter of 525 nm.
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hydration, the DFFL absorbance (KM) in all four
pastes is comparable.

The time courses of the normalized absorbance
spectra (KM) of DFFL in the WC-DFFL, C3S-DFFL,
and C3A-DFFL pastes as well as in the pastes of
Q-DFFL in the first 24 h of hydration are summarized
in figure 6, For comparison, also the absorbance spec-
trum of DFFL in a saturated Ca(OH)2 solution (3 *

10−4 MDFFL) is shown, revealing a broadening of the
dye’s absorbance band in all pastes. Interestingly, the
DFFL absorbance bands in the different pastes differ in
shape. Except for the C3A-DFFL pastes, revealing an
absorption maximum at 462 nm, the spectral position
of the absorbance maxima (KM) of DFFL in the pastes
is nearly the same as found in solution (490 nm). Fur-
thermore, the absorbance spectrum of DFFL in the
C3A-DFFL pastes shows a shoulder at 500 nm. While
the shape and spectral position of the absorbance spec-
trum (KM) of C3A-DFFL and Q-DFFL did not change
with time, the absorbance spectra (KM) of DFFL in the
C3S-DFFL and WC-DFFL pastes are time-dependent.
After 10 h of hydration, the DFFL absorbance band in
the C3S-DFFL pastes splits into two bands with max-
ima at 484 nm and 506 nm. The absorbance band of
DFFL in the WC-DFFL pastes starts to change 15 h
after the beginning of hydration, the band maximum
shifts to 484 nm and two shoulders appear, one at
450 nm and one at 510 nm, respectively. The spectral
position of the absorbance spectra of DFFL in the dif-
ferent pastes at 0 and 20 h after the beginning of the
hydration process are summarized in table 3.

Fluorescence lifetimemeasurements
After having determined the spectral position of the
absorbance maxima of DFFL in the different pastes,
we performed time-resolved fluorescence measure-
ments with the dye in solution, in freshly prepared
pastes, and in pastes after hydration times of 10 h and
24 h. These measurements provide the dye- and
environment-specific parameters fluorescence life-
time (see table 4), which correlates with the fluores-
cence quantum yield, and the fluorescence decay
kinetics. The latter can provide a hint on the micro-
environment of DFFL and the interaction of the dye
with its microenvironment. For example, in an
aqueous environment, DFFL reveals mono-exponen-
tial decay kinetics that can become bi- or tri-

exponential (see (equations (4) or (6))) in a more
heterogeneous surrounding or by interaction with
particle surfaces [64–66]. A shortening of the fluores-
cence lifetime can indicate dynamic fluorescence
quenching and an increase in fluorescence lifetime,
e.g. dye rigidization while static fluorescence quench-
ing mainly affects only the resulting fluorescence
intensity [67]. As summarized in table 4, DFFL reveals
mono-exponential decay kinetics and a single fluores-
cence lifetime in basic solution, in all Q pastes studied,
and in freshly prepared pastes of WC. Apparently,
under these conditions, the DFFL molecules are
located in an aqueous environment. The changes in
the decay kinetics and fluorescence lifetimes observed
for the other samples point to an increasingly hetero-
geneous dye microenvironment, suggesting dye-dye
interactions and/or interactions of DFFL with surface
of, e.g., cement particles.

Evaluating the observed time-dependent changes in
the spectroscopic properties ofDFFL
Possible explanations for the time-dependent changes
in the spectral position, shape, and intensity of the
fluorescence and absorbance spectra of DFFL,
described in the previous sections, are summarized in
table 5. Possible effects responsible for the observed
spectroscopic changes include (a) interactions (i.e.,
adsorptive, electrostatic or hydrogen bonding interac-
tions) of DFFL molecules with the surface of particles
formed during the hydration process [29, 64–66,
68, 69], (b) dye dimerization and aggregation induced
by local changes in dye concentration due to water
consumption [70–77], (c) changes in the polarity and
ionic strength of the dye microenvironment [49,
78–81], and (d) a decrease of the pH value [46–49]. In
addition, DFFL can also decompose, resulting in a loss
influorescence and absorbance.

For the interpretation of our previously described
observations, additional experiments were done, spe-
cifically assessing the influence of dye concentration as
well as pH and ionic strength (modelling, e.g., pore
solutions) on the optical properties of DFFL. The
resulting spectroscopic data are summarized in the SI
(see chapter 2–3). These results reveal that the main
spectroscopic changes occurring in the different pastes
immediately after mixing with the dye solution (at
times of 0 h) and after 24 h, which are summarized in

Table 3.Maxima (max) and shoulders (sh) of the absorbance spectra (KM) ofDFFL in pastes ofQ,WC,C3S andC3A at different times.

Sample/time t=0 h t=10 h t=20 h

Quartzfiller 491 nm 491 nm 491 nm

White cement 490 nm 490 nm 484 nm(max)/
450 nm(sh)/510 nm(sh)

C3S 494 nm 484 nm(max)/ 484 nm(max)/
506 nm(max) 506 nm(max)

C3A 462 nm(max)/ 462 nm(max)/ 462 nm(max)/
500 nm(sh) 500 nm(sh) 500 nm(sh)
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tables 6 and 7, do not arise from changes in ionic
strength and in pHvalue.

Based upon tables 5–7 and literature data on the
processes occurring during the hydration of the main
cement phases (C3A and C3S) and of white cement, we
subsequently derived possible explanations the beha-
viour of DFFL in the different pastes.

Q-DFFLpastes
The good match between the absorbance and fluores-
cence properties and the fluorescence decay kinetics of
DFFL in the Q pastes and in dye solution suggests a
similar environment of the dye molecules in both
samples. Apparently, the DFFL molecules remain
surrounded by water molecules between the Q-grains
(see figure 7). An interaction of the dyemolecules with
surfaces of the Q-grains can be excluded in basic
solution. This assumption is also supported by the
negative zeta potential of quartz surfaces found by
Ferrari et al [82]., which should favor electrostatic
repulsion of the dyemolecules.

C3A-DFFL pastes
In the C3A-DFFL pastes, the strongest changes in the
absorbance of DFFL occur already in the freshly
prepared pastes (t=0 h) (see figure). 6 Normalized
absorbance spectra (KM) of the pastes prepared from
Q (first row, left), C3A (first row, right), C3S (second
row, left), and WC (second row, right) at different

times of hydration and the absorbance spectrum of
DFFL in saturated Ca(OH)2 solution (dashed line).
The measurements were done with a cut-off filter of
525 nm.) and the fluorescence decay kinetics become
biexponential. This could suggest the formation of
non-emissive dye aggregates [83], caused by an
enhanced local dye concentration, favored by hydra-
tion-induced water-consumption [19, 20, 26]. This
assumption is supported by the fast reaction of pure
tricalcium aluminate with water yielding metastable
calcium aluminate hydrates C4AH13 or with more
water C4AH19, which converts to cubic hydrogarnet
(C3AH6) [24, 84, 85], summarized as C–A–Hphases in
the following. C–A–H can be optically detected by a
characteristic absorbance band at 1400 nm in the
reflectance spectra originating from bound water
molecules [86] as shown in the SI (see figure S6), The
prompt consumption of water by C3A becomes
already obvious during the preparation of the C3A
paste, where twice the amount of solution was
necessary for the formation of a homogeneous paste.
However, as shown in figure S2 in the SI, DFFL
dimerization requires a local dye concentration of at
least 2.5 * 10−2 mol l−1, exceeding the initial DFFL
concentration (3.2 * 10−4 mol l−1) by a factor of
hundred, requiring that 99% of the initially present
water molecules have meanwhile reacted with C3A or
adsorbed at C3A. Also, DFFL dimerization leads to an
increase in the absorbance at 465 nm (see figure S2).

Table 4. Fluorescence decay kinetics and lifetimes ofDFFL in solution and in different pastes at different
hydration times aswell as the parameterχ2 as ameasure forfit quality and the relative concentration of the
component with the shortest lifetime(s) cshort.

Paste/solution w/s Time/h λex/nm Lifetime/ns χ2 cshort

DFFL inCa(OH)2/H2O 0 465 4.6 1.316

Q-DFFL 0.5 0 465 4.9 1.268

Q-DFFL 0.5 10 465 4.6 1.309

Q-DFFL 0.5 24 465 4.6 1.317

Q-DFFL 0.5 24 490 4.6 1.361

Q-DFFL 0.5 24 510 4.6 1.316

WC-DFFL 0.5 0 465 4.4 1.414

WC-DFFL 0.5 10 465 1.3/4.2 1.316 9

WC-DFFL 0.5 24 465 1.0/3.6 1.409 21

WC-DFFL 0.5 24 450 0.8/3.5 1.528 21

WC-DFFLa 0.5 24 450 0.3/2.0/3.7 1.325 36a

WC-DFFLa 0.5 24 484 0.4/1.9/3.7 1.32 30a

WC-DFFLa 0.5 24 510 0.2/1.4/3.5 1.364 52a

C3A-DFFL 1 0 465 0.8/3.6 1.307 7

C3A-DFFL 1 10 465 0.8/3.6 1.45 24

C3A-DFFL 1 24 465 0.7/3.6 1.55 34

C3A-DFFL
a 1 24 465 0.3/1.5/3.8 1.283 44

C3A-DFFL 1 24 500 0.3/1.4/3.7a 1.271 54a

C3S-DFFL 0.5 0 465 0.6/4.1 1.328 23

C3S-DFFL 0.5 10 465 0.7/3.2 1.817 36

C3S-DFFL 0.5 24 465 0.8/3.3 1.621 33

C3S-DFFL
a 0.5 24 484 0.4/1.9/3.5 1.344 49a

C3S-DFFL
a 0.5 24 506 0.25/1.4/3.3 1.336 54a

a To decrease the size of the parameter χ2, describing the quality of the resulting fit, we also performed a

triexponential fit. The relative concentrations of the components with the two shortest lifetimes are

markedwith an asterix* for a better distinction (see equation (5)).
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Table 5.Possible effects affecting the optical properties of a reporter dye.

Effect Absorbance Fluorescence

(a) Interaction of the dyewith
particle surfaces

Change in the band shape [29, 65, 66] and spectral position [29] Change in spectral shape [29, 65] and spectral position of the fluorescence band
[29, 65, 66]

(b)Dye-dye interactions and dye
aggregation

Change in spectral shape of the absorbance band like a broadening of themain absorbance band, often an

enhancement of the vibronic shoulder, possibly an apparent change in the spectral position of themain

absorbance band [22, 65, 73, 75, 76]

Fluorescence quenching [73, 75, 76]

(c)Change in ionic strength of
dyemicroenvironment

Change in spectral shape like a broadening of themain absorbance band, enhancement of vibronic should-

ers and/or appearance of new bands [49] and change in spectral band position [78, 80, 81]
Increase [79] or reduction [80] offluorescence intensity; spectral position and

shape of thefluorescence band often remain unaffected; possible change in

fluorescence decay kinetics

(d) pH-value (important for pH-

responsive DFFL at pH-

values<6)

Change in spectral shape and spectral position of the absorbancemaximum [47–49] Additional shoulders in the longwavelength region [47–49], no change of the spec-
tral position of thefluorescencemaximum
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The loss in absorbance intensity (KM) of DFFL (see
figure 5) with time, that occurs only in the C3A-DFFL
pastes, points to a partial decomposition of DFFL in
this paste, possibly promoted by interaction with the
C3A– or C–A–H-surfaces. DFFL-C3A shows tri-
exponential decay kinetics after a hydration time of
24 h. Hence, different effects seem to be the respon-
sible for the observed spectroscopic changes as the
appearance of a second emissive species with a
significantly shorter lifetime below 3 ns suggests
additionally an interaction of theDFFLmolecules with
theC–A–Hsurfaces (see figure 7).

C3S-DFFLpastes
The bathochromic shifts of the absorbance (KM) and
fluorescence bands of DFFL in C3S-DFFL pastes at
t=0 h together with the broadened absorbance
signal, lacking, however, the pronounced vibronic
shoulder typical for dye aggregates (see also figure S2),
indicate a rapid interaction of the negatively charged
dye with the C3S surfaces. The postulated interaction
of DFFL with C3S surfaces is in a good agreement with
observations of Shi et al [66] and Constantino et al
[65], revealing a positive zeta potential of C3S in pore
or hydroxide solution [52, 54]. Such dye-surface
interactions could account for the reduced fluores-
cence intensity (see figure 2), and the shortened
fluorescence lifetimes (see table 4) as well as the
triexponential fluorescence decay kinetics.

Hydration of C3S [87–89] includes four hydration
stages, namely the initial dissolution, the induction
period, the acceleration period, and the deceleration
period. The reaction rate of C3S with water and the
formation of calcium silicate hydrates (C–S–H) with a
defective tobermorite-like structure [19, 90–92] is par-
ticularly high 10 h after the onset of hydration [92, 93].
At this time, the splitting of theDFFL absorbance band
(see figure 6) occurs accompanied by a significant
reduction and broadening of the fluorescence signal.
This could possibly be ascribed to the incorporation of
DFFL into the Ca–H–O intermediate layers of C–S–H
as previously reported for fluorescein [65, 66], leading
to a bathochromically shifted absorbance band at
506 nmof theseDFFLmolecules.

WC-DFFLpastes
The absorbance (KM) and fluorescence spectra of
DFFL in WC-DFFL at t=0 h, that are identical with
those of DFFL in the Q pastes and in basic aqueous
solution, and the mono-exponential fluorescence
decay suggests a location of the dye in the water phase.
The strongly reduced fluorescence intensity (see
figure 3) after 10 h and the observed bi-exponential
decay kinetics are ascribed to the interaction of DFFL
with C–S–H surfaces. The broadening of the absor-
bance (KM) signal accompanied by the appearance of
shoulders at the longer (510 nm) and slightly delayed
also at the shorter flank (450 nm) of the absorption
band are attributed to an increasing number of dye
molecules interacting with C–S–H surfaces as
observed for the C3S pastes, accompanied by a
beginning dye aggregation favoured by water con-
sumption during cement hydration. These explana-
tions are depicted in figure 8.

To assess our hypothesis shown in figure 8, we
subsequently compared the absorbance (KM) spec-
trum of DFFL in the WC paste obtained at t=20 h
(see figure 6) with the sum of the absorbance spectra
(KM) of DFFL in the WC paste (t=0 h), C3A paste
(t=0 h), and C3S paste (t=20 h). Thereby, we
model the presence of free DFFL molecules, aggre-
gated dyes, and surface-adsorbed dyes or dye mole-
cules incorporated into layered structures formed
during hydration. The respective spectra derived from
the different pastes were weighted prior to the calcul-
ation of the sum spectrum. The good match of the
measured and calculated sum spectra shown in
figure 9 confirms our assumption.

Conclusion and outlook

In summary, the time-dependent changes of the
spectral position, shape, and intensity of the reflec-
tance and fluorescence signals of the negatively
charged reporter dye 2′,7′-difluorofluorescein (DFFL)
and its fluorescence lifetime and decay kinetics were
utilized to derive a deeper understanding of the
structural changes on a molecular level, that accom-
pany hydration processes in pastes of white cement,
cubic tricalcium aluminate, and tricalcium silicate, the

Table 6.Main optical changes ofDFFL in the different pastes in comparison toDFFL in solution at time t=0 h as discussed in the previous
sections (see, e.g. figure 6 and tables 2–4).

Paste Absorbance spectra Fluorescence spectra Decay kinetics

Q-DFFL Slight signal broadening and slight enhancement of

the vibronic shoulder

Bathochromic shift

of 4 nm

Similar behavior as observed forDFFL

in solution

C3A-DFFL Strong change in signal shape andmaximum

(462 nm)
Bathochromic shift

of 4 nm

Bi-exponential decay kinetics, short-

ening of lifetime

C3S-DFFL Signal broadening, bathochromic shift of themax-

imumof 4 nm

Bathochromic shift

of 7 nm

Bi-exponential decay kinetics, short-

ening of lifetime

WC-DFFL Signal broadening Bathochromic shift

of 5 nm

Similar behavior as observed forDFFL

in solution
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main phases of cement, and in a paste of quartz filler.
Based upon a comparison of these results and the
results obtained by isothermal heat flow calorimetry
and the consideration of literature data about time-
dependent modifications of cement paste, we con-
clude that the dramatic reduction in DFFL fluores-
cence intensity in the WC-DFFL pastes is most likely

caused by either the interaction of DFFL ions with
C3S– and C–S–H phases or by intercalation in C–S–H
phases. Furthermore, with the aid of an optical
reporter, also processes, that consume a large amount
of initially present water can be identified utilizing
spectroscopically detectable dye-dye interaction and
dye aggregation favored by an increased local dye

Figure 7. Schematic representation of the different types of interaction ofDFFL inQ, C3A, andC3S pastes.

Figure 8. Schematic representation of the different types of interaction ofDFFL inWC-DFFL pastes.

Table 7.Main optical changes ofDFFL in pastes at time t=24 h in comparison toDFFL in pastes in pastes at time t=0 h as discussed in the
previous sections (see, e.g.figures 3, 5, and 6 and tables 2–4).

Paste Absorbance spectra Fluorescence spectra Decay kinetics

Q-DFFL Similar behaviour as observed for

Q-DFFL at t=0 h
Reduced to 85%of the

initial intensity

Similar behaviour as observed at t=0 h; no
dependence of the decay kinetics on excitation

wavelength

C3A-DFFL Intensity reduced by 50%; slight decrease

of the shoulder at 500 nm

Intensity reduced

by 50%

Enhanced contribution of the components with

short lifetimes; triexponential decay kinetics.

Excitation at 500 nmyields a larger contribution of

the components with short lifetimes

C3S-DFFL Splitting of the absorbance band into two

peaks at 484 nmand 506 nm

Reduced to 20%of the

initial intensity

Triexponential decay kinetics.

Excitation at 506 nmyields larger contribution of

the components with short lifetimes

WC-DFFL Change in signal shape: two shoulders

(450 nm/510 nm) in addition to the
maximumat 484 nm

Reduced by 20%of the

intensity

Tri-exponential decay kinetics; excitation at 510 nm

yields the largest contribution of the components

with the short lifetimes
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concentration. In the future, we plan to extend these
studies to a positively charged and a neutral fluoro-
phore. In addition, we will perform optically mon-
itored screening studies with different types of
polycarboxylate ethers and other modern cement
additives, utilizing also other conventional structure
analyticalmethods.
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