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1. Introduction

At high fields the axis of the spin quantization
of a nuclear spin system is determined by the di-
rection of the external field. As a result, the dipo-
lar interactions are sharply divided into secular and
non-secular parts. At low fields (or in the rotat-
ing frame), an oscillating field perpendicular to the
main field may easily tilt the quantization axis, with
the consequence that part of the dipole-dipole in-
teractions become time dependent with a frequency
equal to that of the oscillating field, or harmon-
ics of that frequency. These time dependent terms
may then drive transitions, with selection rules char-
acteristic of the dipole-dipole matrix elements (1).
This contrasts with the high field case where tran-
sitions are driven directly by the r.f. field. Because
the dipole-dipole Hamiltonian is much richer in ma-
trix elements, the low field spectra are more compli-
cated and provide new opportunities to study molec-
ular motion at low temperatures

Dipolar driven transitions are of course familiar
from the theory of spin lattice relaxation, but in this
case the driving energy comes from a broad noise
spectrum associated with motion, and only a single
parameter T, is measured. In contrast the low field
spectroscopy is coherent so the different parts of the
dipole-dipole interactions give rise to well resolved
transitions.

A dlsadva.ntage of low field NMR is that it is nec-
essary to use rapid field cychng techmques so that
the initial preparation of a magnetic state, and the
subsequent measurement of the result of perturbing
it at low field, can both be carried out at high field.
This means that the s spin lattice rela.xatlon time T
must not be short compared w1th the total experi-
ment time which includes the field switching. Since
many of the most interesting fundamental problems
must anyway be studied at low temperatures when
T} may be many minutes, this is not too severe a re-
striction. A typical experimental sequence consists
of (1) a high field preparation period T, initiated



by a magnetization destroying comb of resonant r.f.

pulses to establish a well defined starting condition,

(2) a low field period tq during which a r.f. field at
frequency w is switched on and the magnetism may
be partly destroyed, (3) a measurement of M, at
high field using a single 90° inspection pulse. The
field switching is accomplished in a few seconds (typ-
ically 2-5 s) in most of our data. Most of our ex-
periments have been carried out at 4.2 K and the
long relaxation times necessitate a long value of t,
to enable an adequate magnetization to grow. A
magnetization destruction spectrum is obtained by
repeating the cycle many times and incrementing
or decrementing the low field value B. All other el-
ements of the sequence are unchanged. Different
scans may be obtained with different values of w, so
that finally a two-dimensional spectrum f(B,w) is
obtained. The spectra consist of negative peaks on
a flat or fairly smooth background. The most promi-
nent are the Am = 1 and Am = 2 peaks at B = w/~y
and B = w/2y. Sidebands due to tunnelling methyl
groups occur at B = (wxw;)/y and (w+w;)/27 and
are referred to as Am = 1 and Am = 2 sidebands.
They offer a very simple and precise way of measur-
ing the tunnel splittings w; and a large number of
such measurements have now been made. The ac-
curacy of such measurements is normally about £5

kHz.

In addition to the effects of the r.f. field, the
magnetization evolves at low field due to other fac-
tors. One of these is spin Jattice relaxation which
may be much more rapid at low field than at high
field. Since the equilibrium magnetization is also
known to be nearly zero, it is a simple matter to
measure T; at low field and low temperature. This
is again in contrast to the case at high field where
very long times are needed to establish the equi-
librium magnetnzatnon and measurements of T, are
difficult. Another low field effect occurs with rotat-
ing molecular groups where a magnetization change
during the preparation period may induce a pop-
ulation dlfference between spin symmetry species.
The lowered entropy can be shared with the nuclear
Zeeman system at a field which makes Zeeman and
dipolar sphttmgs similar, resulting in an enhanced
nuclear magnetlzatlon Smce both the r.f. field
and nuclear spin lattice relaxation normally destroy
magnetization, the observed growth of the magneti-
zation is a clear signature of an effect of this kind.
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II. Measurement of Tunnel Fre-
quencies

Figures 1 and 2 show typical spectra for a num-
ber of ketones and alkanes. The Am = 1 and Am
= 2 peaks are labelled A and B and their tunnel
sidebands by a and b. The derived tunnel frequen-
cies are given in the figure captions. In some cases
it is not clear whether multiple tunnel peaks result
from different kinds of methyl groups in the unit .
cell, or from a structure due to mechanical coupling
between two or more groups. This is an active area
of present study.

Three general conclusions follow from these and
similar results. The first is that CH3 groups at-
tached to sp® atoms are always strongly hindered
with tunnel frequencies of a few hundred kHz or
less, while those attached to sp? atoms are much
less hindered. The second is that the sp® tunnel fre-
quencies fall in a relatively narrow window of the
(logarithmic) tunnel frequency range. This again
points to the origin of the hindering barrier being in-
ternal to the molecule. The wide spread of sp? tun-
nel frequencies indicates a weak intramolecular con-
tribution with the barrier mainly due to structure

- dependent intermolecular interactions. The third

conclusion is that all the collected data strongly re-

.inforces the previously observed correlation between

frequency and hopping rate (2) as measured by the
temperature dependence of T;. All the samples in
Figures 1 and 2 exhibit Ty minima in the range
120 K — 160 K with the temperature correlated with
the tunnel frequency. This demonstrates again that
the hopping rate at a particular temperature is just
a measure-of the transparency of the potential bar-
rier at a height above the minimum related to the
temperature (3).

III. Measurement of Ty at Low
Field

Figure 1 shows spectra of 2-hexanone and 2-
heptanone. The fall in the magnetization at low
field is due to spin lattice relaxation which occurs
in these samples due to the random reorientation of
the weakly hindered sp? methyl group whose tunnel
frequencies have been measured by neutron scatter-
ing. By varying the duration of the period spent at
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Figure 1. Dipolar driven NMR spectra from 2-butanone (top), 2-hexanone and 2-heptanone (bottom). - For
the first two a frequency of 750 kHz was used and 600 kHz for the last. Each shows one pair of methyl tunnel

sidebands on the Am = 1 (A) and Am = 2 (B) peaks. The tunnel frequencies are 495 kHz, 152 kHz and 63
kHz. .
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low field, T; and its field dependence can be found.

IV. Higher Order Transitions

Although the main peaks can be attributed to Am
= 2, the transition at Am = 3 can often be detected
and care needs to be taken to avoid attributing it to
a sideband. Its dependence on w clearly identifies
it.

Since there are no Am = 3 matrix elements in
the dipole—dipole interaction, it is explicable only in
second order perturbation theory. Its appearance
illustrates the sensitivity of the technique. Associ-
ated with the Am = 3 can be weak sidebands at B
= (w £ wt)/37 and even B = (w % 2)/3y which
implies a transition converting two methyl groups.

V. Polarization Transfer from
Rotational Polarization

Figure 2 shows in contrast to Figure 1 a case

(nonane) where the magnetization grows at low
field. This requires that T; be long since the equi-
librium magnetization is near zero. This observed
change is an isentropic one. It demonstrates that
the system after preparation at high field has some
kind of order other than that associated with M,.
For tunnelling methyl groups, this can be identified
as associated with the difference in population of the
E°® and E? spin symmetry species. This is rotational
polarization (4). It implies a non-zero mean value
of angular velocity since the E* and E® states have
opposite angular momenta. ’

Terms in the dipolar Hamiltonian exist which
can interconvert E* and E® species and also flip nu-
clear spins, but at low temperature there is no en-
ergy source to drive the change in Zeeman energy oc-
curring in these transitions. The rotational polariza-
tion is therefore quasi-invariant except at very low
fields. When the nuclear Zeeman splitting is com-
parable with the dipolar energies, then an exchange
of entropy can occur because the dipolar reservoir
provides the energy required for the transition. The
reduced entropy manifests itself as enhanced mag-
netization when the field is again increased. By ob-
serving the effect as a function of time, the relax-
ation of the rotational polarization can be studied
at different fields.

The nature of rotational polarization is illus-
trated in Figure 3 which shows the energy levels of a
methyl group. Apart from the usual nuclear Zeeman
splitting, there is a tunnel splitting of the A species
(total nuclear spin 3/2) from the two E species, E*
and E?, each of which has a total nuclear spin 1/2.
The tunnel splitting arises from the different rota-
tional energies of the states, the rotation being by
quantum mechanical tunnelling through the hinder-
ing barrier. It is this splitting which is responsible
for the tunnelling satellites in Figures 1 and 2. The
intra-methyl group dipole-dipole interactions have
a helical character, illustrated in Figure 3 by the
transition probabilities T and T’. Since these are
generally different, it follows that a change in mag-
netization is accompanied by a change in the popu-
lation difference of the two E species.

The E* and Eb wavefunctions have equal and
opposite angular momenta, so an unequal weight
means that the methyl groups have acquired a ro-
tational motion with a particular sense. What
has occurred is that some of the angular momen-
tum associated with the nuclear magnetization has
been transferred during relaxation to rotation of the
methyl group itself. This rotational polarization is
generated during the preparation period of the ex-
periment at high field. If the field is reduced to a
sufficiently low value, then the non-secular dipole-
dipole terms are able to scramble the populations in
a way which conserves the total entropy. When the
high field is restored all of the order goes into the
Zeeman reservoir.

The energies and populations of the eight levels
can be simply described by using two sets of quan-
tum numbers. In addition to the magnetic quantum
number m, we define u = 1,0,—1 for E* A E® states.
Then m takes the values 3/2, 1/2, —1/2,-3/2 for p
= 0 and is otherwise restricted to 1/2, —1/2. The
energies of the 8 levels are '

E(m, ) = —hwom — 5@,(% )

where w, is the Larmor frequency and w; the tun-
nel frequency. The fractional populations can be
written (in the high temperature approximation) in
terms of three parameters

n=s(+Am+ G~ i) +Re) (@)
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Figure 3. The energy levels of a methyl group at low température. The two E species lie above the A species
by the tunnel splitting. The symmetry of dipolar matrix elements is indicated by the symbols T and T’ which
are generally different. The result is that a change in nuclear magnetization can induce a difference in the
population of the two E species. This is rotational polarization.

The parameters §, and B; define Zeeman and tun-
nelling temperatures through '

ﬁz = hwo/sz
B: = huw[kT; 3)

We shall discuss the meaning of R in the next sec-
tion. -
The entropy S is given by

S/k=-) nln(n)~mg- %ﬂf - i—ﬂf - %R’ (4)

where the coefficients come from summing m?, G-
232 .2
1), pt.
Following demagnetization and remagnetization,
this is converted to

S/k =ln8— %p" )

B = I8 + 5(F + 2R (©)

This is the enhancement in the nuclear magne-
tization. | o

VI. Rotational Pressure

A meaning for the parameter R can be found by
comparing the thermodynamic relation S = f(U,R)

~ with that for a gas § = f(U,V). Since in the latter

case ~(QU/0V)s is the pressure p, we can identify
-(8U/OR)s = pr as a negative internal rotational
pressure, its sign being such that it tends to drive
R to zero. The energy is given by

U= EnE(m, I‘) = —g‘ﬂzhwo - %ﬁth“’t | (7)

and in thermal equilibrium hw,B; so

3

PR =t [ + 2 /D)] @8./0R)s  (®)

pr = —-kTR/2 9)

This represents the tendency of the rotational

polarization to decline, thereby increasing the en-

tropy of the system. The Gibbs free energy takes
the form } .

G =U—TS+prR - (10)
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"VII. Rotational Friction

If a rotating molecule in a crystal acquires a ro-
tation in a definite sense, in response to the chang-
ing magnetization, then it is reasonable to inquire
if the rotation occurs with or without dissipation.
The way the dissipation arises is through a phase
shift of the wavefunction of the rotor which comes
from the fact that the rotor is driving the environ-
ment. This is an example of Berry’s topological
phase (5) which occurs in all driven quantum me-
chanical systems. The phase shift depends on the
geometry of the path. It breaks the usual bound-
ary condition ¥(p) = ¥(p + 27) which applies only
to isolated systems, and also breaks time reversal
symmetry. The physical effect of this phase shift is
that of a resistive torque and a consequence is to
lift the degeneracy of the E levels. The broadening
of the motional spectrum with increasing tempera-
ture is a manifestation of the fluctuating splitting
of the E levels associated with a thermally fluctuat-
ing lattice-generated torque. At the same time the
rotational states become localized and one passes
smoothly with increasing temperature from coher-
ent wave-like tunnelling states to localized states
moving incoherently between potential wells in re-
sponse to the fluctuating torque.

This provides a justification for the simple hop-
ping model of molecular rotation usually employed
at high temperatures, and illustrates that it is

entirely consistent with the quantum mechanical

model outlined here.

Before the enormous amount of recent work
on Berry’s phase, the situation has been confused
and controversial because the boundary condition
¥(p) = ¥(p + 27) was frequently assumed to apply
‘even in solids at high temperature when the angular
momentum of the rotor is far from being a constant
of the motion. Now it can be seen that the effect
of this assumption is to eliminate driving effects,
torques and dissipation.

The temperature dependence of the magnitude
and frequency spectrum of the lattice induced
torque is a topic of considerable interest. It is un-
doubtedly linked to the degree of vibrational exci-
tation (4) though the details of this connection are
still to be established. So far as the parameters of
the last section is concerned one may assume:

PR= k—(-;-kT + )R (11)

where ) is a coefficient of rotational friction.

VIII. Vector Potential

The most illuminating view of the topological
phase factors arising because of the driving effects
at the interface of rotor system and environmental
heat bath is that they can be ascribed to a vec-
tor potential term in the Hamiltanion. Wilczek and
Zee (6) have shown that a gauge theory structure
is implicit in driven dynamics. This puts the elas-
tic forces in solids on the same footing as all other
forces in nature - all arise in the context of gauge
theory. Methyl rotation is the simplest case and has
an Abelian structure like electromagnetism. More
complex molecular motions require the Yang-Mills
non-Abelian gauge structure. In either case though,
a new and thoroughly explored theoretical frame-
work is now available to describe thermally driven
molecular motions. T

The vector potential depends on the velocities
of the neighbouring atoms just as the scalar poten-
tial depends on their positions. The kinetic term
becomes '

1, 9 R
ﬁ(lﬁ% <+ Iw)

where the vector potential Jw is proportional to the
integral of the environmental torque. As the explicit
appearance of i indicates, it has the effect of break-
ing the time reversal symmetry and thereby lifting
the degeneracy of the two E levels. This discrimi-
nates between right handed and left handed rotation
in response to the definite sense of rotation associ-
ated with a change of a particular sign in the nuclear
magnetization. The splitting of the E levels leads to
a broadening of the NMR line whose shape there-
fore depends on the integral of changes of magne-
tization immediately before measurements. In this
way the nuclear magnetic resonance spectrum of a
rotating molecule gives information, not only on its
own motions, but also on the driving motions of the
environment. This enables one to think of a rotat-
ing molecule as a kind of microscopic viscometer, to
which a torque can be applied by changing the mag-
netization via the dipole-dipole interactions, causing
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rotational motions of molecule and correlated mo-
tions in the environment through the viscous drag.
Dipole-dipole driven NMR offers the best oppor-

tunity of observing effects of this kind and results

supporting this general picture have been published
elsewhere (7).
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I. On the Chemistry of Cement

The raw materials constituting the Portland ce-
ment are mainly lime, silica, alumina and iron oxide.
During the manufacturing process, a glassy quasi-
crystalline clinker is formed which is ground, nor-
mally with addition of 1-3 wt% of CaSQy4 in the
cement powder. This powder has four major con-
stituents: 3 CaO-SiO; (in cement chemists’ notation
C3S), 2 Ca0Si0; (C,S), 3 CaO-Al203 (C3A) and 4
Ca0-Al;O3Fe;03 (C4AF). While the proportions of
these components vary, normally the cement pow-

. der consists of 60-70 wt% C, 17-25% S, 3-8% A and
0.5-6% F. Traces of MgO (0.1-4%) and alkalis (0.7-
-1.3), added sulphate SO3(S) and bound water (H)
are also found (1). 3

1L ' On ,Hydréati'on ‘of Portland
Cement

While today cement is the most widely used
building material, and its first usage dates at least
to the times of Roman Empire, the mechanism of
its hydration is not yet that well understood. From
calorimetric studies of hydrating cement, five stages

could be defined (1-4). After an initial rapid hy- -

11
11
12
13
16

17

dration (stage I, minutes), a dormant period is ob-
served (stage II, several hours). Heat restarts to
evolve in stage III (dozens of hours) where cxyStal-
lization of CH and other crystals and formation of
CSH gel takes place. Stage IV (days) is an inter-
mediate stage where the main reaction is becoming
a diffusion controlled C3S hydration (i.e. growth of
CH and CSH gel) which predominates in stage V
(months, years). CzS hydrates much slower than
CsS and in some cases reactions proceed for hun-
dreds of years.

Chemically these reactions could be written (2)
as follows:

9CS + 6H — Ca — S; — Hy + 3CH
- (gel, portlandite, fa.st)

9C,S +4H — C3 —S; — H3 + CH
(gel, portlandite, slow)

CsA + 3CSH; + 26H — CsASsHa;
. (ettringite, fast) - ‘

CsAS3Hzz + 2C3A + 4H — 3C3ACSHy,
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(Ca monosulphate, slow)

C4AF + 3CSH; + 21H — Cg(A,F)S3Hay+

(Ar F)H3
(ferrophases, fast)

These reactions, however, are only a rough ap-
proximation of the true hydration reactions of pure
components. In the real system where all of the
components are simultaneously present, they may
take slightly different courses for this reason. The
gel component (CSH) is of variable composition,
which depends on local conditions. The diffraction
methods yield useful information on the growth of
crystalline phases (portlandite CH, ettringite, Ca

- monosulphate, ferro phases) but are not useful in

determining the gel phase because of its amorphous
structure. Understanding the structure and dynam-
ics of CSH gel phase, however, is very important for
the preparation of new types of cements with im-
proved mechanical and resistance properties because
gel constitutes the majority phase in the harden-

ing cement paste. In this respect the understanding
“of the dormant period, in which on a macroscopic

scale nothing changes, is essential, because there is
evidence that the ultimate properties of the cement
are determined in this period.

Theories of cement hydration can be divided into
two groups: delayed-nucleation and protective-layer
theories. The former explain the dormant period by
the delayed nucleation of CH due to the retarding
effect of soluble silicates (5). In order for the crys-
tallization of CH to begin the water phase must be
supersaturated with Ca2t. The dormant period is
the time needed for the Ca?t to reach the sufficient
supersaturated concentration. Only when the CH
crystallization begins (stage III), the calcium ions
do not have to move into a solution of increasing
chemical potential. This had also controlled the dis-
solution of C3S before because Ca ions are removed
from the solution upon crystallization. At this stage
other reactions can proceed and are later on slowly
dying out through Stages IV and V. In stage V,
in addition to the slower reactions, predominantly
C2S hydration, and structural changes in the CSH

gel, recrystallization and polymenzatlon of silica are
taking place.
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As an example of the protective layer theories
the osmotic model of cement hydration (6) will be
described (see also Figure 1).

According to this model, cement grains, upon
mixing with water, become coated with early hy-
dration products (gel envelope). The surface of this
protective cover acts as a semi-permeable membrane
allowing water and smaller ions to diffuse through it,
while the larger silicate anions are prevented. The
water within the gel coating keeps dissolving the
grain and, as a result, the concentration difference
across the membrane is increasing. Consequently,
the osmotic pressure builds up and it forces the wa-
ter to diffuse into the gel. The end of the dormant
period is characterized by the rupture of this mem-
brane. From membrane ruptures the tubular fibrils
of gel are growing. However, the water keeps on
diffusing through the membrane into gel, thus dis-
solving the bulk grain and this supplies the material
for the forming of the gel in fibrils. The fibrils from
different grains eventually interlock and the hard-
ening cement paste is beginning to develop rigidity.
Simultaneously, the crystals of ettringite and port-
landite are growing. ‘

Although countless experiments were performed,
it is still unclear which of the models describes bet-
ter the chemical and physical processes which occur

- during hydration of the cement paste.

III. NMR in the Studies of Ce-
ment Hydration

Most of the NMR investigation of the setting
cement pastes were ' H studies (7). Besides protons,
however, 2D, #7Al, #Si, 170, 57Fe (Mossbauer spec-
troscopy) could also be used as probes in sohdlfymg
cement pastes. In recent times MAS NMR spec-
troscopy has also been applied (8).

Early work was on spin-spin relaxation times
(T2) of water protons by CW methods (9). Later
pulsed methods were also applied (10). The pro-
ton spin-lattice relaxation times (T;) was used to
monitor the hydration of cement pastes (11). In
these studies only the water, which exchanges fast
between bulk water'and water adsorbed on the de-
veloping cement surfaces was monitored. However,

" from the models we see that water protons are stati-
* cally and dynamically distributed between gel com-

ponents (C-S-H), crystalline products, portlandite
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Figure 1. Two-dimensional schematic representation of the hydration of cement as proposed by the osmotic
-theory: a) dry cement powder b) early hydration products form gel envelope c) gel coating bursts and fibrils
start to grow. Some CH (platelets) and ettringite crystals (needles) are also shown d) rigid cement networks

(25,26).

(CH), calcium alumo sulphate (CgAS3 Hay) and oth-
ers, adsorbed water molecules, and water in dif-
ferent pores: water in layers (<1nm), micropores
(with diameter ~ Inm < < 2r < 0.1 pm due
to colloidal hydrate gel porosity), water in pores
(0.1 < 2r <1 pm, pores between gel particles and
other hydrates of varying morphology) and water in
capillaries (i.e. interstitial holes between packed ce-
ment grains with 2r > pm and also large voids left
by poor packing of cement grains in which water
may resemble bulk water). Therefore, the NMR re-
sponse from such a heterogeneous system is a.com-
plex superposition of various contributions. How-
ever, by using NMR spin grouping, the composite
NMR response can be resolved in its components
(12,14) which are characterized by sets of T (or
Ti,), Tg) , M%(‘)] where M% is the equilibrium mag-
netization (i.e. number of protons in a particular
environment) of the i-th spin group. The detailed
description of this technique is in the contribution
by H. Peemoeller in this issue.

IV. Results and Discussion

Normally spin grouping NMR shows two T com-
ponents in the early stages of hydration while at the

end of the dormant period two new components are
beginning to appear (15,16). After several hours of
hydration the starting two T; ‘components are re-
placed by four T; components. Their values of Ty
differ more than a factor of five which makes the spin
grouping analysis reproducible. In addition the M%
values of each of these components are above 10%
and this facilitates their determination (14-16).

A typical diagram of the time dependence of
Ty components in the solidifying cement paste is

‘schematically shown in Figure 2. The magnetization

fractions of the observed components as a function
of hydration time are presented in Figure 3.

Components A, B, II, III and IV can be T3 re-
solved into two components. One of ithem is very
short with- T2 ~15 us while the second one is of
the order of 1 ms (15). The value of the short one
is independent on hydration time while the longer
ones are fairly constant in the first ten hours and
then they start to decrease and after 1 year they
are between 100 and 200 ps. Their corresponding
magnetization fractions can be also determined and
could be found in refs. 15 and 16.

The absolute values of Ty’s and T2’s slightly dif-
fer from sample to sample due to different content
of paramagnetic ions, especially Fet3, whose con-
centration ranges from ~2 wt% in Portland cement
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Figure 2. Evolution of T; components as a function of hydration time. This figure shows only the trend
observed in several experiments (14,15,16,27,28). The real values of T components vary as much as 50% in
different experiments mainly due to the different amounts of paramagnetic impurities, predominantly iron, in
the cement samples. Errors in the individual experiments are estimated to be below 5% (12,13).

to ~0.01 wt% of Fe in some synthetic white ce-
ments. Qualitative correlation between shortening
of T; with increasing concentration of iron can be
observed. The presence of iron (and other paramag-

netic impurities) strongly influences the relaxation -

behavior of exchangeable water (component A, and
also B, before dormant period and components II
and III after). Slight differences were observed also
due to different finesses of different cement powders
(i.e. specific surface area). :

The proton signal of sample comes mostly from
the protons of the added water. The magnitudes of
the observed mgnals are also related to the number
of protons in a particular compound and not only
to the wt % of the given compound at given time of
cement hydration. Therefore the proton density of
the sample must be evaluated in order to understand
M%) data properly.

Immedlately after mixing cement powder with
water, signal comes “from early hydration” products

and from water which is adsorbed and trapped
infon/between the_ gel coatings of cement grains.
Water molecules, which are bonded in early gel
(group B) have shorter values of T; as the loosely
bound water molecules (group A) and which T,
strongly decreases as hydration restarts after the
dormant period. In this period several components
start to grow. The easiest to determine is compo-
nent I. This is portlandite (CH) which is charac-
terized with long Ty (~1s) (and short T3 ~15 ps)
due to its crystal lattice with regular structure. Its
value of M%(") is approaching the calculated value
in the later hydration stages only slowly due to the
slow reaction of the C2S component which can last
for years. At the same time the CSH gel starts to
harden and according to the stoichiometry of sam-
ples and values of [Ty; T2; M%] triplets this is
component IV in Figures 1 and 2. Simultaneously
crystalline products from C3A, CaSO4 and possi-
ble C4AF are growing yielding crystals with large
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Figure 3. Time evolution of equilibration magnetizations in hydrating cement ‘p‘aste. Again, this is only a
general picture observed in several experiments. The absolute values depend on the cement composition and
w/c ratio and are published in the original publications (14,15,16). The error in each of these experiments is

estimated to be below 2% (12,13).

amounts of crystalline water and therefore relative
high proton fractions. This crystalline water is at-
tributed to component II. Its decrease in later stages
of hydration can be understood by the recrystal-
lization reactions where ettringite crystals with 32
molecules of crystal water recrystallize to calcium
monosulphate which has only 12 water molecules
and different lattice dynamics which influences also
the values of T; and T;. The remaining compo-
nent III can be attributed to exchangeable (cap-
illary) water which is adsorbed on the surface of
porous cement paste, mainly on CSH gel. There are
also water molecules in the micropores and gel in-
terlayers. They are in close contact with CSH gel
and crystalline products and are observed as part of
components IV and II, respectively.

The extremely short relaxation time of ~1 ms
of component IV is most likely due to a micro-
scopic heterogeneity relaxation mechanism where
water molecules are kneading through the irregular

structure of the hydrated gel where the variations
in local fields are very large. Paramagnetic impuri-
ties are also believed to be adsorbed on these two—
dimensional sheets (on the nm scale) of the hard-
ened CSH gel structure. The decrease of Ty of this
component with hydration time is probably due to
the hardening and growth of the gel structure which
increases the local heterogeneity. ‘The: decrease in
the values of T; of component III can be understood
by the growing surface area of crystalline products.
The same is true for component II (and A). The
observed values of T are averages of T; values of
bound and free water (1/T1) = (1/T1)free * ffree
+ (1/T1)sound (1—ffree) where f and (1—f) denote
fraction of free and bound water respectively. As
the specific surface area in the sample increases dur-
ing the hydration so does the (1—f,..) and because
T1bound < Tifree the observed Ty decreases. This
conclusion is confirmed by two T, values associ-
ated with each T; component (15). The mechanism
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for this decrease in the component III is probably
the exchange of magnetization between bound wa-
ter and free water in its vicinity. Although cement
is macroscopically very heterogeneous, microscop-
ically these domains are well separated and there
is no exchange of magnetization between different
phases. The apparent increase of T; of component
Il is closely related to the drastic decrease of its M%.
This means that the majority component (A) is used
up in this stage and the small amount of adsorbed
water (“watery gel” water, drops from 90 to 15%)
still remains with the same value of T;.

These results show that spin grouping NMR is
a usable, nondestructive method for the follow up
of cement hydration. Once [Ty, T3, M%) are es-
tablished it can be used as a routine tool to study
hydration as a function of other variables (tempera-

ture, pressure, chemical composition, additives: re-

tarders, accelerators, superplasticizers). Such sys-
tematic studies would undoubtably shed more light
on the still poorly understood hydration process.
Besides the analysis of cement hydration products
these results contain also information on the kinet-
ics of cement hardening. From the NMR data it can
be shown that the osmotic model of cement settmg
is more likely (17). ,

From the above it can be concluded that the so-
lidification of cement is a very complex process due
to its heterogeneous and colloidal nature. On the
other hand the recent introduction of concepts of
‘physics of fractals into the colloid science greatly en-
hanced our knowledge about the aggregation behav-

---ior of these systems and it was logical to apply this

new approach of describing aggregates, gel, porous
material into the studies of cement hydration.

V. Cement as a Fractal System

In contrast to most of the studied objects gel and
aggregates could not be satisfactorily described by
the classical Euclidean geometry. The functions and
curves which could describe their shape, i.e. perime-
ter, surface or bulkiness, are not differentiable at any
point and could not be approximated satisfactorily
by curves and functions from Euclidean geometry.
In general they can be characterized by other pa-
rameters and the most important one is their fractal
dimensionality, D, which is, roughly speaking, the
measure how the fractal object is filling the space
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(i.e. Euclidean dimensions d = 1, 2, or 3). For in-
stance, mass of fractal object varies with its length
according to

ma 1P

and fractal dimension D is normally noninteger
value with 0 < D <3 ford =1, 2, 3 (18).

The concepts of irregular fractals were very use-
ful in the understanding of gelation and structure
of gels. Most of the porous objects could be, in the
scale of short lengths, viewed as fractal while for
larger lengths the structure becomes homogeneous
due to connections between aggregates. The vol-
ume of pores of fractal structure is proportional to
the number of spheres with radii R which can be
packed in the voids and pores

V(R) ~ N " R%.

From the definition of D one gets Ng ~ R~P and
it follows

V(R) ~ R*-D

because the porosity (i.e. ruggedness) of surface is
often measured by adsorption methods (variable R)
one can measure surface fractals by adsorptlon stud-
ies since (19)

dV(R)/dR ~ R?>~D.

To understand the aggregation processes the ex-
perimental measurements of D (mainly by scatter-
ing, microscopic and adsorption techniques) are cor-
related with theoretical computer simulations. The
models most used are particle-cluster and cluster-
cluster aggregation. The first yields D ~ 2.5 while
the second gives D ~ 1.75 for d = 3.. These val-
ues can be, however, slightly changed by invok-
ing reversible instead of irreversible particle/cluster-
cluster stlckmg By. comparing theoretical and ex-
perimental values of D a fairly good knowledge
about aggregation or gelation and the structure of
aggregates or gels could be obtained. One of the
characteristics of objects with fractal geometry is
its self-similarity over many scales ,and the value of
D can be used as a useful indicator of the complex-
ity of autocorrelations over many scales. ‘However,
the term fractal does not imply only to spatial phe-
nomena but also to temporal (20). -






