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We report on recent work carried out using computational chemistry techniques which is aimed 
at  suggesting novel ways of improving upon current methods of handling guar-based fracturing 
fluids. We describe generic methods available for modelling macromolecnlar, polysaccharide 
systems and apply these methods to building representative sections of the guar polysaccharide 
molecule, and to study its conformations in vucuo and in aqueous solutions using molecular 
dynamics. We then propose some novel cross-linking agents which differ from most of those 
currently under consideration in that they are extended, linear molecules related to polyethers. 
Representative cross-linking agents are then prepared and tested with various guar prepa- 
rations. This study shows that with the correct choice of cross-linking agent, the overlap con- 
centration C' can be reduced below the expected level for particular guars. 
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266 P. V. COVENEY et al. 

1. INTRODUCTION 

Fracturing (frac) fluids are used to initiate and propagate rock fractures 
during oilfield hydraulic fracturing treatments. Commonly used frac fluids 
are based on guar gums and their derivatives. Various rheological properties 
of formulations, such as viscosity, are of great importance as these have to 
be at optimal levels to ensure that the fracture propagates correctly; if the 
viscosity is too low then fracture may not occur, whilst if the viscosity is too 
high then the friction pressure increases, resulting in high pumping costs. It 
is important to ensure that viscosity is retained under normal operating 
conditions, as guars tend to thin with increasing temperature. Cross-linking 
agents are deployed to produce highly viscoelastic gels that can carry small 
proppant particles into the fractures as they are formed. The proppant parti- 
cles maintain the fracture open when the pumping pressure is extinguished. 
Cross-linking is particularly desirable in order to achieve good frac-fluid 
performance at  low polymer concentrations. The cross-linking agents are 
usually small molecules or ions based on borates, titanates and zirconates. 
Cross-linking with these substances can either be made to occur immedi- 
ately upon mixing, or it can be delayed by thermal and/or chemical means 
until the fluid is downhole. 

When the proppant particles are in place, it is usually necessary to remove 
the cross-linked gel which would otherwise severely reduce the permeability 
of the fracture. To ensure that this is done effectively, so-called ‘breakers’ 
are added to the fluid, which break down the polymer gel network, usually 
in an indiscriminate and somewhat random way. The most widely used are 
oxidative breakers, such as peroxydisulphate ions. The guar polymer is at- 
tacked by free radicals formed when peroxydisulphate decomposes thermally 
at elevated temperatures. One advantage of using this particular oxidising 
agent is that very little is required to lower the viscosity of the gel. (Enzyme 
breakers can also be used, although they require more stringent conditions 
for successful operation: in the case of hemicellulase, for example, a pH 
of 3.5-8.0 and a temperature less than 65°C are needed in order for the 
enzyme to degrade the polymer.) The result is polymer residues of com- 
paratively low molecular mass, with a concomitant dramatic decrease in 
the fluid viscosity. In this way, a high permeability route is found for the 
oil to flow towards the wellbore. However, when inorganic breakers are 
used the residues produced are often hydrophobic (since many of the hydro- 
philic galactose side groups shown in Fig. 1 are removed), and these 
tend to precipitate, hence reducing fracture permeability. Proposals have 
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CROSS-LINKING POLYSACCHARIDES 261 

FIGURE 1 The repeat units in the molecular structure of guar showing the mannose 
backbone and random pendant galactose sidegroups; x and y denote the relative amount of 
galactose substitution. 

been made to deal with this problem using surfactants which can solubil- 
ise these residues within micelles [l]. An additional point concerns clay/ 
shale swelling which occurs when water-based fluids are used, as in 
drilling operations. Currently, KCl is added in high concentration (ca. 
2 M) to inhibit swelling, but for environmental and other commercial 
reasons is currently deemed unacceptable. One would like to find cheap ad- 
ditives with the desired inhibitory properties that could be included in 
a frac fluid formulation. 

In this paper, our main subject of study is the guar macromolecule and 
its interactions with various cross-linking molecules, some of which are 
based on borate chemistry while others are entirely novel in this context. 
Although the only polysaccharide we shall study here is guar, the princi- 
ples and general conclusions also apply to related macromolecules, such as 
hydroxypropyl guar. The approach taken is a theoretical one based on a 
range of techniques drawn from state-of-the-art computational chemistry. 
The central idea behind this work is a very simple one: to lower the value of 
the polymer concentration needed for gel formation (the so-called overlap 
concentration C* defining the semi-dilute rtgime in polymer physics [2]) 
through the design of extended cross-linker species. We then report 
synthetic studies, including the preparation of some of the new cross- 
linking agents and their effects, under various conditions, on the gelation of 
different commercial guars. 
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268 P. V. COVENEY er a1 

2. METHODS AND RESULTS 

2.1. Simulation Methods and Potential Models 

The principal simulation technique employed was molecular dynamics 
(MD) [3] as we were mainly interested in performing conformational 
studies. (For an up-to-date review of established techniques for the compu- 
ter simulation of polymers, see Ref. [4].) A key element in the successful 
implementation of MD is the selection of suitable atomistic interaction 
potentials for the system under investigation and this Section is dedicated to 
a discussion of these. Since we had no intention of constructing our own 
force field for use in guar systems alone, which would be at best a lengthy 
and tedious task, we first sought out potential models that would prove 
satisfactory. There are some dedicated saccharide and polysaccharide force 
fields now available in the literature, for example that implemented within 
the CHARMM biomacromolecular modelling package [5], yet even that 
would prove too restrictive for our purposes, since our own applications 
seek to combine such molecules with others which do not fit within the 
specification of this force field. From our previous work involving other 
systems in aqueous environments [6 - 81, the natural choice for us to make is 
to use a slightly modified Dreiding force field; the bulk properties of water 
are reasonably well modelled in this way [7], as are various experimentally 
observable properties of clay systems [7, 81. 

The potential energy of a molecular system is expressed as a sum of 
bonded and non-bonded interactions. The bonded interactions include 
harmonic potentials for stretching and bending interactions [9]. The non- 
bonded interactions are pairwise additive and are described by Coulombic 
and Lennard- Jones [6- 121 parameters (Eq. (1)): 

The bonded and non-bonded parameters can be found in Ref. [9]. Our own 
modification to this force field, which has been discussed elsewhere [6], is to 
use the TIP3P electrostatic charges and geometry for describing the water 
molecules [lo], while employing Dreiding for van der Waals and bonded 
parameters. We should point out, however, that strictly the TIP3P model is 
defined as a rigid model, that is there are no bond stretching or bending 
parameters specified. However, the codes we have used in this work do  not 
allow constraint dynamics to be imposed [3], so we have used effectively 
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CROSS-LINKING POLYSACCHARIDES 269 

rigid bonds and angles by employing Dreiding parameters for stretching 
and bending for these intramolecular water motions, since these are suit- 
ably large. In all our MD simulations, an integration time step of 1 fs (one 
femtosecond) was chosen to capture high frequency hydrogen-atom bond 
vibrations. 

It should be emphasised that there are serious limitations to the use of 
molecular dynamics. It is an exceedingly CPU intensive technique, par- 
ticularly for simulations involving a large number of atoms, and only en- 
ables short time scale events to be probed effectively (typically of the order 
of up to 100 picoseconds). Even with the most advanced of contemporary 
computers, simulations on models comprising more than about 25,000 
atoms are prohibitive. This means that as far as polymer modelling is con- 
cerned, we have to strike a balance between the size of the polymer frag- 
ment modelled and the length of time taken to perform MD simulations. 
This compromise enables us to define a ‘representative’ fragment as one 
which is both computationally tractable to study and which provides a 
good description of important polymer properties. 

We note in passing that there are now alternative simulation methods 
available, which are considerably less computationally expensive. Whereas 
molecular dynamics includes accurate molecular detail but is difficult to use 
for obtaining macroscopic information, simulation methods such as lattice- 
gas automata or dissipative particle dynamics provide useful information 
from the mesoscopic to the macroscopic levels and are computationally 
much faster [ l l ,  121. The price to be paid for this is that the molecular detail 
is largely ignored. 

2.2. The Guar Molecule and Accessible Conformations 

Guar is a linear polysaccharide consisting of a D-mannose backbone and 
D-galactose side groups. It has one of the highest molecular masses of all 
naturally occurring water-soluble polymers, the average mass being in the 
range of one to two million. The galactose side chains are arranged ran- 
domly on the mannose backbone, with galactose appearing on two or 
three consecutive mannose units (see Fig. 1). The ratio of mannose to gal- 
actose is approximately 1.6, but this is subject to variations depending on 
the biological origins of the material. 

In this section, we describe our study of the structure of guar, both 
in vucuo and in aqueous solution. As noted above, a compromise has to be 
struck between the size of the polymer chosen for modelling and the time 
needed to perform an MD simulation. A related problem is well known in 
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270 P. V. COVENEY et a/. 

the field of molecular simulation, namely protein folding: given a primary 
sequence of amino acids that comprise a protein, one would like to be able 
to perform molecular dynamics in order to determine the stable tertiary 
structure which it adopts in aqueous solution. However, the timescale for 
protein folding is on the order of milliseconds, roughly nine orders of 
magnitude larger than timescales accessible for MD. There is no way that 
one can use MD to predict the three-dimensional structure of a protein 
using today’s technology. The same is true for polysaccharides. For these 
reasons, we have studied much smaller fragments of the guar molecule, 
hoping in this way to get insights into its general structural properties. 

For the foregoing reasons, we worked in the main with a fragment of 
guar of molecular mass ca. 15000, containing approximately two thousand 
atoms. Even with such a small fragment it took 48 CPU hours to simu- 
late 20 picoseconds of molecular dynamics on an SGI R4400 processor. 
Attempts to simulate larger fragments, of molecular masses 65000 (8400 
atoms) and 125000 (16300 atoms), proved to be beyond the bounds of 
acceptable simulation times, even using an R8000 processor on an SGI 
Power Challenge Array. 

Three different polymers were built by varying the mannose : galactose 
ratio along the chain. Initially we made a guar polymer with a mannose to 
galactose ratio of 2 :  1 ( ix . ,  with x = y in Fig. l), as shown in Figure 2. We 
also made a model of the mannose backbone devoid of galactose (i.e., with 
y = 0 in Fig. 1); the result is shown in Figure 3. The a-helix-like structure 
adopted in Figure 2 is due to the presence of the hydrophilic side chains - 
galactose - which support effective intramolecular hydrogen-bonding be- 
tween units some distance apart along the chain. Energy minimisation using 
a simple gradient descent algorithm did not significantly alter the confor- 
mation in either case. 

As naturally occurring guars often have a mannose to galactose ratio of 
around 1.6: 1, with the galactose groups arranged randomly, we also built a 
polymer with these specifications, making use of Flory’s rotational isomeric 
state theory [13]. The resulting structure is shown in Figure 4, which was 
again essentially unchanged on energy minimisation. There is clear evidence 
for the persistence of helical portions within the chain, associated with M : G 
ratios around 2 : 1, while other portions devoid of galactose side groups are 
more nearly linear, as found in the previous two simulations. (It is 
interesting to note that these latter linear portions of the chain are believed 
to be the sites prone to attack and fragmentation by certain enzymes in the 
hemicellulase class [14]. Thus, if we knew what the structure of the enzyme 
was, we might even be able to perform simulations of the guar fragment 
within the active site.) 
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CROSS-LINKING POLYSACCHARIDES 271 

FIGURE 2 Structure of guar with a mannose: galactose ratio of 2 :  I 

In all, we constructed three such guar polymer fragments of differing 
molecular masses and, following energy minimisation, performed single- 
molecule molecular dynamics (‘molecular mechanics’) on these in vucuo for 
20 ps, making use of the Nos6 temperature-scaling MD algorithm within a 
canonical (NVT ) ensemble at a temperature T = 300 K. The polymers were 
then analysed by calculating properties such as temporally-averaged radii 
of gyration and end-to-end distances from the trajectory files collected dur- 
ing the simulations. The results are tabulated in Table I. If desired, such 
data could be increased by performing a much larger number of simula- 
tions and then analysed to see how, for example, the radius of gyration 
R, depends quantitatively on molecular mass. 

From Table I, we can see that the trend is at least qualitatively in 
agreement with simple scaling theories, according to which Rg N W ,  where v 
is an exponent that is 0.5 for ideal chains and 0.6 for self-avoiding random 
walk models. Some experimental data exist for related systems [ 151, though 
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212 P. V. COVENEY et al. 

FIGURE 3 Structure of guar with a mannose: galactose ratio of I : 0. 

from the point of view of the present article, there was no reason for us to 
carry out so many tedious and very lengthy simulations. 

A more realistic study of guar than the in V ~ C U O  simulations described 
above has to take into account the polymer’s aqueous environment in 
solution. To address this issue, we constructed three-dimensional simula- 
tion cells containing both water and polymer molecules. To represent an 
effectively infinite system, our simulation cell was initially constructed as a 
cube of side 30.7A with periodic boundary conditions applied in three 
dimensions. The cell dimensions were chosen to achieve aqueous guar 
solution densities of 1 g ~ m - ~ ;  they contained a single guar fragment and a 
variable number of water molecules (as well as occasionally other ions). 
Polymers of chosen molecular mass may be constructed in this way in a 
wide variety of forms, including regular, random or block copolymers com- 
prising a specified number of different monomers (which can themselves 
be arranged in regular or random intervals). A Monte-Carlo-like algorithm 
based on Flory’s rotational isomeric state technique was used to build the 
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CROSS-LINKING POLYSACCHARIDES 273 

FIGURE 4 Structure of guar with a mannose : galactose ratio of I .6 : 1. 

TABLE I Some in vac'uo properties of guar fragments of three different sizes 

Property Small Medium Large 

Number of atoms 1955 8297 16000 

Radius of gyration/A* 13.81 26.90 62.57 
End-to-end distancelA 26.68 8 1.29 108.32 

Molecular mass/g rnpl-' 1 so00 64000 12sooo 

polymer in an energetically favourable conformation overall, in a similar 
way to that which generated the in vucuo fragment shown in Figure 4. 

This polymer can then be inserted into a periodic simulation cell with a 
specified number of water molecules to achieve a chosen density. Molecular 
dynamics can be performed on this cell containing both polymer and water 
molecules, in order to provide information about conformations of the 
polymer and the concomitant structuring of water. In general, we perform- 
ed all our MD simulations using the Nos6 temperature-scaling algorithm 
in an isothermal-isobaric NPT-ensemble, with the temperature scaled at 
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214 P. V. COVENEY et al. 

T = 300 K and at a pressure of 1 atmosphere. The force field chosen for this 
work is that described above; a cut-off radius of 8.5A was imposed on the 
van der Waals interactions while Coulomb interactions were calculated 
using either the Ewald summation method or a simpler spline cut-off tech- 
nique coming in at 8.0 A and vanishing at  8.5 A, the latter being used in 
most of the work described here as it is computationally much faster 
and did not produce significant discrepancies when compared to the more 
accurate Ewald sum. The coordinates of all the atoms in the cell were 
stored during an MD simulation for subsequent analysis as mentioned 
above. In the present context, the radial distribution function produces 
spherically-averaged distributions of inter-atomic vector lengths for sele- 
cted atoms within the simulation cell (and its periodic images) and proves 
useful for determining structural properties such as conformations and 
packing of atoms, the ordering of solvent molecules around solutes, and 
detecting phase transitions. 

As a simple check on the validity of the force field described above, we 
first performed MD simulations of (i) a cell containing 128 water molecules 
[6] and (ii) the disaccharide called a,a-trehalose (see Fig. 5) in a simulation 
cell together with 128 water molecules. This molecule has been the subject 
of a previous MD study El61 using more refined saccharide force fields and 
our results may be compared with those. 

In addition, we performed molecular dynamics on a simulation cell 
containing a guar fragment and 128 water molecules; see Figure 6. A typical 
simulation, comprising 2 1 . 3 ~ s  of MD performed on a guar fragment of 
molecular mass 15000, produced a temporally-averaged radius of gyration 

FIGURE 5 The trehalose disaccharide. 
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CROSS-LINKING POLYSACCHARIDES 215 

FIGURE 6 The periodic cell used in our molecular dynamics simulations. 

of 15.47 A and a temporally-averaged end-to-end distance of 19.17 A. 
Figure 7 shows the radial distribution function of the oxygen atoms on the 
water molecules. The green curve represents the polysaccharide in water, 
the red represents the disaccharide in water and the blue plot shows the 
water alone in a cell. The first peak at small values of r is characteristic of 
the first neighbouring water shell; the structuring of the first water shell 
is reflected in the height and sharpness of the peak. It is evident that water 
alone displays a broad and low first peak, due to the comparative 
disorganisation in the packing of water molecules around one another; for 
the guarlwater system there is a much narrower and higher peak, indicating 
that the water around the polymer is more ordered, while the structuring 
caused by the disaccharide is intermediate between the guarlwater and 
water systems, as reflected by intermediate peak characteristics. The loca- 
tion of the first peak in the radial distribution function for our simula- 
tions of trehalose agrees well with that found by Pezron [15] providing 
some support for the use of our own chosen potential model. 

Evidently, from our simulation work on small fragments, we would 
expect the full guar structure to approximate to some extent that of a 
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FIGURE 7 0-0 radial distribution functions of oxygen atoms on water molecules in three 
simulations. (i) water (blue); (ii) water and trehalose (red); (iii) guar and water (green). (See 
Color Plate I). 

random coil, with a persistence length estimated from Figure 4 of about 
26 A. By the term persistence length is meant the characteristic length along 
the chain over which the directional time correlation between individual 
segments disappears; loosely, it is the length over which a section of the 
chain is effectively rigid. According to Robinson et al. [17], the intrinsic 
stiffness of guar, as measured by the “characteristic ratio” for chain flex- 
ibility, C,,  has the value 12.6. This value is based on a random flight mod- 
el of a linear polymer in dilute solution, in which the chain is considered 
as a collection of stiff rods of length 1 connected by totally flexible, universal 
joints. These authors chose for 1 the value 5.4& presumably on the basis 
that this corresponds to the length of a single mannose unit on the guar 
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CROSS-LINKING POLYSACCHARIDES 217 

backbone. Our models of guar have mannose monomer units of length 
5.47 A, confirming the interpretation of Robinson et al. The persistence 
length q was derived by these authors from the relation q = C.1/2 and 
determined to have the numerical value of 34A, in at least qualitative 
agreement with that estimated by us. As we have seen, according to stand- 
ard principles of polymer physics, a polymer comprised of more than about 
eight such consecutive lengths is deemed to be a random coil. 

In reality, guar is certainly too flexible to be regarded as a rigid rod, but it 
may also be too rigid to be regarded as a fully random coil, as a result of 
intramolecular hydrogen bonding which provides a helical structure along 
those parts of the mannose backbone having a regular (2 : 1) M : G ratio (see 
Figs. 2 and 4); in particular, there are three repeat units of the form shown 
in Figure 1 (with x = y = 1) per turn of the helix. Nevertheless, for the 
purposes of this paper, it will suffice if we think of guar as essentially a 
random coil, in the spirit of Robinson et al. [17]. 

A limited study of the effects of ionic strength on the conformation of 
guar fragments was also carried out. In these simulations, we inserted ten 
sodium cations and ten hydroxide anions into the same periodic simula- 
tion cell, making use of the same Dreiding/TIP3P force field (which also sup- 
plies parameters for the Na+ ion) in order to determine if there was any 
measurable effect on polymer properties. In these simulations, we used the 
same techniques as previously described to handle the coulomb interactions. 
A typical simulation, comprising 2 7 . 5 ~ s  of MD performed on a guar 
fragment of molecular mass 1 5000, produced a temporally-averaged radius 
of gyration of 15.28 A and a temporally-averaged end-to-end distance of 
16.89 A. Perhaps surprisingly, these values are little changed from those 
computed in the absence of the cations. It is possible that more extensive 
studies might have revealed more significant conformational changes in the 
polymer, as well as structural changes in the ionic and water environments, 
but limitations of time have prevented us from pursuing this further in the 
current work. However, it is known that the viscosity of non-ionic polymers 
such as guar and hydroxypropyl guar is only marginally affected by the 
presence of even high concentrations of monovalent salts. There is far less 
tolerance to multivalent cations - guar can become insoluble and precipitate 
if the concentrations of such salts are high enough. 

2.3. The Effect of Cross-linking Agents 

A single guar molecule contains a great many hydroxyl groups through 
which cross-linking may occur (mainly through the formation of 
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278 P. V. COVENEY el al. 

6-membered rings), so there is a finite probability that any single cross- 
linking molecule will be wasted by binding to hydroxyl groups within the 
same macromolecule. Conventionally, boric acid and borate salts are often 
used as cross-linkers for guar. The active species is the B(OH), ion, which 
is formed at high pH’s (Eq. (2)). 

At a pH of 9- 10 the gel formed is stable. (Evidently, the rate of cross- 
linking is itself important in frac fluid applications, since this controls the 
rheological properties of the fluid during pumping.) The viscosity of the 
gel formed decreases with increasing temperature as the cross-link den- 
sity decreases, but the network structure reforms when the temperature is 
lowered. Titanate and zirconate based gels have different properties to 
borate-based gels, reflecting the different nature of the cross-linking in these 
cases. Typically, the metal-ion based gels are more thermally stable than 
the borate-based gels and do not recover their viscosity after undergoing 
shear: this can be understood, albeit somewhat tautologically, in terms 
of the effective irreversibility of cross-linking in the case of titanates and 
zirconates; the borate-guar cross-links are, by contrast, essentially rever- 
sible and the equilibrium constants strongly temperature-dependent. 

In order to overcome the problem of intramolecular cross-linking, while 
simultaneously encouraging the possibility of intermolecular cross-linking 
at guar concentrations appreciably below C’, we propose in this section a 
set of novel molecules. From the foregoing requirements, such molecules 
should ideally be rigid-rod-like, with guar-binding capability at both ends. 
Thus the issues that we must address concern the specification of the ‘rigid’ 
backbone and the nature of possible functional groups. An obvious but 
important constraint on the molecule’s properties is that it be soluble in 
water. A natural choice for the basic structure we seek is based on the poly- 
ethers. These have a structure which can be made more or less hydro- 
philic by suitable arrangement of substituents along the chain; at the same 
time, difunctionality is readily introduced at the two ends of the chain. 
Some potential benefits are immediately clear: molecules such as the poly- 
ethylene glycols (PEGS) are known to be effective shale-swelling inhibitors, 
and we already have extensive experience of performing molecular 
simulations with these [7]. Furthermore, by transferring our main investi- 
gations to these smaller molecules, we can achieve more useful and more 
accurate molecular dynamics results than for the guar macromolecule. 

The basic philosophy advocated in the remainder of this paper finds 
support from two sources. One of these is recent work performed on the 
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cross-linking of tetrabutylammonium polygalacturonate with alkyl or 
alkylaryl dihalides in which the significance of different cross-linker chain 
lengths is assessed [22], although these studies were carried out at C*. The 
other originates in a Japanese patent which describes the production of 
viscous gels on mixing boronic acid copolymers (of typical mass 30000) and 
polyvinyl alcohols: these gels returned to sols on addition of glucose [18]. 

Our initial proposal is concerned with attaching borate groups to both 
ends of these diols, in an attempt to create extended cross-linkers through 
esterification of the hydroxyl groups on different guar molecules (mainly 
formed through six-membered cyclic esters on the galactose residues). The 
basic reaction producing the diborate species is represented in Figure 8 
for the case of PEG300 and the cross-linked product is illustrated in 
Figure 9. Making use of our previous work on clay-swelling inhibitors, we 
began by studying the diborate derivative of PEG300 (that is, polyethylene 
glycol of molecular mass approximately 300 and chemical formula 
[HO(CH2 CH20)6]H, CJ Fig. 8). We constructed this molecule in the same 
way as guar, by building it in a cell with a total of 128 water molecules, 
and at a density of I g  ~ m - ~ .  NPT molecular dynamics was then per- 
formed for a total of 50ps. In order to investigate the rigidity of the 

HO -0-O-OH 
+ 

FIGURE 8 Production of a PEG-diborate anion starting from PEG300. 

FIGURE 9 Mechanism for cross-linking with guar. 
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polyethylene backbone in the homologous series of PEGS, we also studied 
diborate derivatives of PEG600 ([HO(CH2CH20)12]H) and PEG 10000 
([HO(CH2 CH20)150]H) using the same methods; Figure 10 shows a typi- 
cal periodic simulation cell containing an aqueous solution of PEG600 
diborate. Temporally averaged radii of gyration and snap-shot values of 
end-to-end distances for these species were computed from their MD tra- 
jectory files: these data are collected in Table 11. 

The persistence length in these PEG diborates is roughly 6 A, as estimat- 
ed by direct inspection of our simulation results. This estimate, which is 
quite a conservative one, is equivalent to a sequence of approximately four 
monomer units in length [19], i.e. (CH2CH20)+ Thus, according to simple 
principles of polymer physics, beyond a distance of roughly 32A (eight 

FIGURE 10 Periodic simulation cell (blue dottcd lines) containing PEG600 dibot-ate in an 
aqueous environment. (See Color Plate 11). 
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TABLE I1 Properties of various polyether diborate cross-linkers in aqueous solution 
~ 

Organic fragment Molecular weight of Radius ox End-to-end 
between borate groups cross-linkerslg mol - ' gyrationld distanceid 

PEG300 
PEG600 
PEG10000 

300 8.18 9.79 
600 9.37 21.31 

10000 23.67 17.96 

times the persistence length), a PEG cross-linker behaves like a random 
coil. In terms of polyethylene groups, this is equivalent to a polyethylene 
unit of length (CH2CH20)32. Having random-coil cross-linkers would not 
be very effective if the guar needs to be cross-linked below C*. Note again 
that while in principle MD could be used to investigate dynamical scaling 
behaviour of such polymers in solution, it is computationally very inten- 
sive and relaxation behaviour has only recently been studied for model 
chains [20]. A more computationally efficient procedure is to draw on 
dissipative particle dynamics [21]. 

The borate scenario which we have described here seems to be promising. 
However, there is one important problem which must be addressed. If 
the borate cross-linker is produced in situ by mixing the PEG, guar and 
borate anions in aqueous solution, then with overwhelming probability the 
borate groups will migrate to the hydroxyl-rich guar surface and cause 
intramolecular cross-linking - the very result which we are trying to avoid. 
There are a number of ways of avoiding this, at least in principle. One of 
these would be to prepare the PEG-diborate species separately from the 
guar solution, and mix the two together at the appropriate moment; 
however, this is likely to be impractical for various reasons, e.g., the 
difficulty of mixing reagents downhole, the likelihood that the diborate 
species only exists in equilibrium together with significant concentrations of 
the diol and simple borate anions which would then link intramolecularly, 
and so on. 

One way to eliminate some of these difficulties is to modify the chemical 
structure of the cross-linker species slightly. For example, one could use 
PEG diboronate species, in which the boron atoms are attached directly to 
carbon atoms in the rod-like cross-linking chain, as illustrated in Figure 1 1, 
instead of diborates. Such molecules could be synthesised readily (vide 
infra), and would obviate the need to use borate as a separate additive. 
Grand canonical Monte Carlo simulations following the method used in 
our clay simulation studies [7] indicate that these molecules may be effec- 
tive clay swelling inhibitors, at least in their neutral form; a simulation 
snap-shot is shown in Figure 12. 
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282 P. V. COVENEY et al. 

FIGURE 1 I PEG300 diboronate. 

FIGURE 12 PEG300 diboronic acid sorbed into a sodium montmorillonite clay - grand 
canonical Monte Carlo simulation. 

Other extended cross-linkers that could be constructed are those with 
aldehyde (or possibly bromide or iodide) functionality at each end rather 
than borate (see Fig. 13). These molecules, whose conformations are simi- 
lar to those of the diols described above, would cross-link by a kind of 
condensation reaction with hydroxyl groups on guar (Fig. 14); since no 
borate anions would be present, there would also be a much higher chance 
of delivering intermolecular as opposed to intramolecular links, as with 
the diboronates. Moreover, the diacetal so formed can be ruptured on 
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FIGURE 13 A dialdehyde molecule. 

H+i2H20 
FIGURE 14 Mechanism of cross-linking of guar with a PEG dialdehyde. 

acidification, thus breaking the cross-links. It seems likely, however, that the 
cross-linkers formed from such dialdehyde molecules would probably not 
break under shear (being in this sense more like the zirconate and titanate 
cross-linkers), whereas the PEG-diborate and PEG-diboronate cross- 
linkers would break (as is the case for the simpler borates). Finally, ass 
with the diols (vide supra), these molecules should also act as shale-swelling 
inhibitors, according to the results of grand canonical Monte Carlo simu- 
lations which we have performed (see Fig. 15) these show similar behav- 
iour to the diols and diboronates discussed above. 

One point of detail is worth mentioning here: the accepted and 
well established mechanism for formation of an acetal from a diol in- 
volves a simultaneous protonation of the aldehyde oxygen as the alcohol 
adds to the carbon atom of the carbonyl group. It is thus an acid-catalysed 
reaction. However, the reaction does proceed under neutral conditions 
(at least for reactive aldehydes), the acidity of an alcohol (or water) 
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284 P. V. COVENEY et al. 

FIGURE 15 PEG300 dialdehyde sorbed onto sodium montmorillonite clay - grand canoni- 
cal Monte Carlo simulation. 

being sufficient. Certainly at pH 8-9, one would expect the alcohol 
functions on guar to be capable of reacting with an aldehyde. Possibly, 
the rate of acetal formation would go down as a function of increasing 
pH; this could be easily checked using n.m.r. spectroscopy. However, 
while an alkaline pH is required for borate cross-linking species, since only 
the anion can cross-link in the desired manner, for a dialdehyde one could 
happily perform cross-linking at lower pH’s where reaction is known to 
proceed efficiently. 

Another class of related molecules whose properties it is worth 
investigating are the so-called ‘Pluronics’, block copolymers comprising 
hydrophobic and hydrophilic portions. A much simplified Pluronic struc- 
ture is displayed in Figure 16. The hydrophilic portions are generally 
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FIGURE 16 The simple EOjPO Pluronic diol used in our simulations. 

ethylene oxide (EO) units, while the hydrophobic parts are typically com- 
prised of propylene (or butylene) oxide (PO or BO) units. Because of this, 
at least certain of these have the capability to form micelles at sufficiently 
high concentrations, as indicated in Figure 17 [23]. 

The in vacua structure of one such commercially available Pluronic 
molecule, HO(CH2CH20)27(CHMeCH20)3~(CH2CH20)~7H, is shown in 
Figure 18. For reasons associated with CPU time, we did not do any 
simulation work using this particular molecule, however. Instead, simula- 
tions were performed with a greatly scaled down version of chemical for- 
mula HO(CH2CH20)3(CHMeCH20)4(CH2CH20)3H and molecular mass 
514 (as shown in Fig. 16). For brevity, we shall henceforth refer to this 
small Pluronic as A. 

Some computational work was performed in an attempt to see whether 
A might show any tendency to form micelles [24]. This was done by 
constructing a periodic simulation cell containing 10 Pluronic molecules A 
and 128 water molecules (at a density of 1 g ~ m - ~ ) ;  molecular dynamics was 
then applied using the NPT method for loops. However, it was difficult to 
draw any conclusions from this simulation as to whether micellisation had 
occurred either by direct visualisation or by examination of the C - C 
radial distribution function, which only gave peaks corresponding to 
characteristic intramolecular C - C distances. It is possible that the simula- 
tion did not run for a sufficiently long time or, perhaps, that for molecules 
of the small size used in our simulations, micelles would not actually 
form in any case. 

These types of molecules generally behave in a chemically similar way to 
the polyether diols (vide supra). As in the case of the other molecules 
considered thus far, we would also expect them to be efficient clay-swelling 
inhibitors [7]. The novelty of micelle-forming Pluronics as potential cross- 
linkers of guar polymers is that, if they are run at concentrations 
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FIGURE 17 Micelle formation in a general Pluronic system. 
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FIGURE 18 A typical commercially available Pluronic variant. 

above their critical micelle concentrations, they may also prove effective at 
dissolving the insoluble mannose residues produced by oxidative breakers. 
Hitherto, this approach has been considered through the addition of spe- 
cific surfactant species, typically based on quaternary ammonium ions. 

2.4. Synthesis and Evaluation 
of New Cross-linking Agents 

Having carried out extensive modelling of the guar system and of possible 
cross-linking agents, the synthesis and evaluation of new agents was 
undertaken. The aim of this part of the work was to carry out a study on 
the effect of various additives to different guar-based gels (vide infra). In 
particular, the aim was to determine whether it was possible to produce gels 
at a concentration of guar below what is currently believed to be the critical 
concentration C*, which is defined for the guar used (5424) as 2.40 g of guar 
per litre of water. Of many potential target additives, compounds 1-5 were 
selected on the basis of ease of synthesis and to test the modelling work 
described above. 

2.4.1. Preparation of Gel Additives 

Compounds 1 and 4 were purchased from Aldrich and Shearwater 
respectively, and used directly. The remaining compounds were prepared 
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as outlined below (Scheme 1 and Eq. (1)). 

0-0-p 19-20 

Hg OH Hg OH 

In order to prepare the dialdehyde 2 from diol 1, Swern oxidation 
was efficiently applied to produce the required dialdehyde in 99% yield. 
To access diboronic acid 3, we first had to introduce a terminal double 
bond in order to accomplish a hydroboration reaction to introduce the 
boronic acid moiety. This was achieved by a four stage process which 
involved double terminal bromination of diol 1 (Scheme 1) by a tosyla- 
tion and bromine-tosyl exchange reaction. The resulting dibromide 
could then be reacted with allylmagnesium bromide and the intermediate 
terminal alkene hydroborated with borane-tetrahydrofuran complex. Final 
hydrolysis of the resulting borane in situ with dilute hydrochloric acid gave 
the double terminal boronic acid 3, which was used directly for the gel 
preparations. 

The final cross-linking agent synthesised was diglucamide 6, which 
was prepared via commercially available diacid 6. In situ chlorination 
of 6 was accomplished with thionyl chloride (Eq. (3)) and the result- 
ing acid chloride was immediately transformed into the diglucamide 
5 by reaction with commercially available glucamine in a mixture of 
tetrahydrofuran-water, buffered as necessary to keep the reaction at 
pH 8. 
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n 

(COCl),, DMSO, -78°C. 
then Et3N, -78OC to RT 

1 

1) TsCVpyridine 

2) NaBrMqCO 

i 
v 

B r - e o p y o - o ~ o - P  
n 

1) -MgBr ,THF 

2) Xs BH3THF, 4 then dilute HCl 

3 PH ’I 

H ~ ~ ~ y - o - - o - - ~ o H  n 
OH 

SCHEME 1 
analogues. 

Synthetic scheme for the preparation of dialehyde and diboronic acid PEG 

yo??--qo OH n OH 6 

I )  SOC1, A 

2) 2 equiv. glucamine, THF, H,O, NaOH I 
5 

Preparation of PEG diglucamide. 

2.5. Testing and Results of Gel Additives 

For the purpose of testing the gels, guar solutions were prepared by 
vigorously mixing guar 5424 with water, and leaving the solution to 
“hydrate” for 1.5 hours before use. The effect of adding the various 
additives (Tab. I) was ascertained by mixing the pre-hydrated guar, mixing 
thoroughly in a blender and pouring a sample into a 50 ml widemouth glass 
bottle. The resulting gel strengths were recorded using the bottle-test 
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gel-strength codes (see Tab. IV) and are shown in Table I11 and graphically 
for each guar concentration in Graphs 1-5. 

Gel code key: l = A ;  2=B; 3=C; 4=D;  5=E; 6=F;  7 = G ;  8=H; 9=1; 
lO=J .  

At a concentration of 4.8g/l of guar, one would expect reasonable 
strength gels, whether additives are present or not. However, it can be seen 
from Graph 1 that in the absence of any cross-linking agent (Run l), the 
resulting liquid is barely thicker than pure water. The effect of adding borate 
alone is remarkable, as long as the pH is kept basic (Run 9), producing one 
of the highest strength gels. However, similarly efficient is the gel resulting 
from addition of peg 1 and borate at basic pH (Run 7). It is noteworthy that 

TABLE 111 Table showing the formulation used for each set of gel preparations and ensuing 
gel strength test results for J424 guar (see Tab. IV for the definition of gel strength codes) 

Boric Code Code Code Code Code 
KCI Additive acid 4.8gll 3.6gll 2.4gll 2.lg/l 1.8gll 

Run (Yo) p H  I(g/l) (nil) Guar Guar C*Guar Guar Guar 

1 
2 
3 
4 
5a 
5b (24 
hours) 
6 
7a 
7b (24 
hours) 
8a 
8b (24 
hours) 
9 
10 
11 
12 
13 
14 
15a 
15b (24 
hours) 
16 
17 
18a 
18b (24 
hours) 
19 
20 
21 
22 

6-8 - - 

10 0.356 1 0.144 
10 1.160 1 0.144 
6 1.160 1 0.144 
10 2.320 1 0.288 

10 4.640 1 0.288 
10 2.320 1 0.288 

10 4.640 1 0.288 

10 - 0.144 
10 0.144 2 - 

6 1.064 2 0.144 
10 1.440 2 - 
10 2.632 3 - 

10 0.660 5 0.144 
10 1.320 5 0.144 

10 0.660 5 - 
10 1.3205 - 

10 1.320 5 0.288 

10 12.10 4 0.144 
10 12.104 - 

10 - 0.288 
10 - 0.576 

A 
E 
E 
A 
F 
G 

G 
F 
I 

F 
H 

I 
B 
A 
B 
G 
C 
C 
H 

C 
C 
G 
H 

- 

- 

F 
F 

A 
E 
E 
A 
F 
G 

G 
F 
H 

F 
H 

C 
B 
A 
B 
E 
C 
C 
G 

C 
C 
F 
G 

- 
- 

F 
F 

A 
C 
E 
A 
E 
E 

D 
E 
E 

E 
E 

C 
A 
A 
B 
C 
C 
C 
E 

B 
C 
E 
E 

E 
A 
C 
E 

A 
C 
B 
A 
D 
D 

D 
C 
C 

C 
C 

C 
A 
A 
B 
B 
B 
B 
C 

A 
B 
E 
E 

- 
- 

C 
C 

A 
A 
A 
A 
C 
C 

D 
C 
C 

C 
C 

B 
A 
A 
B 
B 
A 
A 
C 

A 
B 
E 
E 

- 
- 

C 
C 
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TABLE IV Definition of gel strength codes 

Code Observation Comment 

A 

B 

C 

D 

E 

F 

G 

H 

I 
J 

No detectable gel 
formed. 

High Flowing gel. 

Flowing gel. 

Moderately flowing 
gel. 

Barely flowing gel. 

Highly deformable 
non-flowing gel. 
Moderately deformable 
non-flowing gel. 
Slightly deformable 
non-flowing gel. 
Rigid gel. 
Ringing rigid gel. 

The gel appears to have the same viscosity (fluidity) 
as the original polymer solution and no gel can be 
visually detected. 
The gel appears to be only slightly more viscous 
than the initial relatively low-viscosity polymer solution. 
Most of the detectable gel flows to the bottle cap 
upon inversion. 
A small portion (about 5- 15%) of the gel does not 
readily flow to the bottle cap upon inversion - 
usually characterized as a “tonguing” gel (i.e., after 
hanging out of the bottle, the gel can be made to flow 
back into the bottle by slowly turning the bottle upright). 
The gel slowly flows to the bottle cap and/or a 
significant portion (greater than 15%) of the gel does 
not flow to the bottle cap upon inversion. 
The gel does not flow to the bottle cap upon inversion 
(gel flows to just short of the bottle cap). 
The gel flows about halfway to the bottle cap upon 
inversion. 
The gel surface only slightly deforms upon inversion. 

There is no gel-surface deformation upon inversion. 
A tuning fork-like mechanical vibration can be felt after 
the bottle is tamed. 

4.0 g/l Guar 
22 

19 

16 

g 13 

a 5 10 

7 

4 

1 

0 1 2  3 4 S 6 7 8 9 1 0  

Gel code 

GRAPH 1 Additive effects on gel strength at  4.8 g/l guar. 

this gel ‘ages’ over a 24 hour period to be as strong as gel 9 (see Tab. 111, 
Run 7b). The essential effect of using a basic pH (ca. 10) is graphically 
shown by contrasting Runs 2 and 3 versus 4; Run 4 differs by being carried 
out at pH 6.  This clearly indicates the importance of keeping the borate in 
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the form of an ‘ate’-complex, thus validating the process shown in Figure 8. 
Identical effects are seen at all other guar concentrations (vide infra). 

At a concentration of 3.6g/l of guar, one would still expect reasonable 
strength gels, however we begin to observe a drop off in performance, with 
little difference between Runs 7 and 8, which include both diol 1 and borate. 
Run 8 contains twice the quantity of diol 1; clearly above 2.320g/l of diol 
makes little difference to the gel strength. However, below this quantity, 
performance is impaired, as indicated by Runs 2 and 3. 

We can view a concentration of 2.4 g/l of guar as the most important guar 
concentration. If new effective gels cannot be produced at this concentra- 
tion, the new additives would offer little advantage over established gel 
formulations. We can see from Graph 3 that, despite the expected drop off 
in performance, we still observe reasonable gels. Even more interesting 
however, is that fact that a variety of additives now start to show very 
similar behaviour, i.e., Runs 3, 5, 7, 8, 15, 18, 19 and 22, which involve the 
addition of peg 1 (low concentration) and borate, peg 1 (medium concen- 
tration) and borate, peg 1 (high concentration) and borate, diglucamide 5 
and borate (low concentration), diglucamide 5 and borate (high concentra- 
tion), star peg 4 and borate, and borate alone (very high concentration, i.e., 
twice that in Run 18 and four times that in Run 19). These results clearly 
show the useful synergistic effect of adding both alcohols and borate, i.e., 
one can reduce substantially the borate required for reasonable gel 
performance. 

At a concentration of 2.1 g/1 of guar, the guar concentration has dropped 
below C*, i.e., below the point at which we can expect gel formation at all. 

3.6 g/l Guar 
22 

19 

16 

g 13 

5 10 LL 

7 

4 

1 

0 1 2 3 4 5 6 7 8 9 10 

Gel code 

GRAPH 2 Additive effects on gel strength at 3.6g/l p a r .  
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2.4 g/l Guar C* 
22 

19 

16 

g 13 

; 10 

7 

4 

1 

0 1 2 3 4 5 6 7 8 9 10 

Gel code 

GRAPH 3 Additive effects on gel strength at  2.4g/l guar 

2.1 g/l Guar 
22 

19 

16 

7 

4 

1 

0 1 2 3 4 5 6 7 8 9 10 

Ged code 

GRAPH 4 Additive effects on gel strength at 2.1 g/l guar. 

However, we still observe gels being formed, with one outstanding gel 
which retains its performance from the higher concentration of 2.4 g/1 of 
guar, i.e., Run 18 which contains diglucamide 5 and borate. Thus, at this 
guar concentration, the diglucamide offers superior performance at  lower 
guar concentrations. 

At a concentration of 1.8 g/l of guar, one might expect no reasonable gel 
formation; however, as with the higher 2.1 g/1 guar concentration, we see 
the very efficient effect of diglucamide 5,  Run 18, which still shows a gel 
strength of E - a remarkable result. 
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1.8 g/l Guar 
22 

19 

16 

g 13 

5 10 LL 

7 

4 

1 

0 1 2 3 4 5 6 7 6 9 1 0  

Gel coda 

GRAPH 5 Additive effects on gel strength at 1.8g/l guar. 

3. CONCLUSIONS 

We set out to design new, cheap additives for hydraulic frac-fluids that 
would operate at low guar concentrations. Such additives would mean that 
the guar concentrations could be reduced, which in turn would mean 
economic benefits in oilfield applications. The goals were realised by the 
design of specific additives which allow gel formation to occur even below 
the critical gel concentration (C*). In particular, the addition of peg 1 to 
guar-borate preparations is superior at higher guar concentrations; however 
diglucamide 5-borate becomes the best performer as the guar concentration 
drops below C*. Our findings clearly demonstrate that: (a) it is indeed 
possible to form strong gels below C*; (b) molecular modelling can assist in 
the design of new and multifunctional cross-linking agents. 
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APPENDIX: SUPPLEMENTARY MATERIAL: 
EXPERIMENTAL SECTION 

For thin layer chromatography Merck [silica gel 60 F254 (Art. 5735)] or 
Macherey - Nagel [Sil G/UV254 (Art. 805201)l silica coated plastic sheets 
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CROSS-LINKING POLYSACCHARIDES 295 

were employed. Chromatograms were developed with either iodine vapour 
or a phosphomolybdic acid (10.0 g in 100 ml of ethanol or methanol) spray 
and with subsequent heating. For silica gel chromatography Merck 
Kieselgel H (Type 60) or Acros silica gel (0.035-0.07mm) was used. 

n-Butyllithium was purchased from Aldrich. Toluene and dichloro- 
methane were dried by distillation from calcium hydride, and tetrahydro- 
furan was distilled from sodium-benzophenone ketyl immediately prior 
to use, and all distillations carried out under an atmosphere of argon. 
Light petroleum refers to the fraction boiling in the range 40 - 60°C. All 
anhydrous reactions were carried out in oven dried (140°C) glassware and 
cooled under a stream of argon. For rotary evaporation, a Biichi rotary 
evaporator or a Biichi cold finger rotary evaporator was used followed by 
evaporation under-high vacuum. Bulb to bulb distillation was achieved 
using a Biichi GKR-5 1 Kiigelrohr distillation apparatus. Melting points 
were determined using an Electrothermal melting point apparatus and are 
uncorrected. 

'H and 13C NMR were recorded at 300 and 75.6MHz respectively on a 
Bruker AC300 NMR spectrometer, using CDC13 as a internal standard. "B 
NMR spectra were recorded at 64.2 MHz respectively, on a Bruker AC200 
NMR spectrometer, relative to BF3. OEt, in CDC13 as external standard. 

Infrared spectra were recorded on a Perkin-Elmer 783, equipped with a 
PE600 data station, or a Perkin-Elmer 1600 Series FTIR. UV spectra were 
recorded on a Perkin-Elmer 115 spectrometer. Electron impact (EI) (70 eV) 
and chemical ionisation (CI) mass spectra were recorded on a Kratos MS25. 
Fast atom bombardment (FAB) spectra were recorded on a Kratos MS50, 
using a meta-nitrobenzylalcohol or thioglycerol matrix, and accurate mass 
determinations employed a Kratos Concept IS spectrometer. Microanalyses 
were performed using a Carlo - Erba 1 106 elemental analyser. 

Preparation of Polyethyleneglycol Dialdehyde Derivative 2 

A solution of oxalyl chloride (0.958 ml, 0.01 1 mol) in dry dichloromethane 
(70ml) under argon was cooled to -60°C. Dimethyl sulfoxide (1.716m1, 
0.0242mol) was added and after 5 min., polyethyleneglycol 1 (5.00 g, 
0.05 mol) was added dropwise over 10min. at - 60°C. After a further 
15 min. stirring, 10 ml of anhydrous triethylamine was added dropwise. 
After 20min., the mixture was allowed to warm to room temperature and 
l00ml of water was added. The aqueous layer was separated and re- 
extracted with dichloromethane (2 x 100 ml). The combined organic extracts 
were washed with hydrochloric acid (1 M) (until no longer basic), washed 
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with water (2 x 50 ml), and saturated sodium chloride solution (2 x 50 ml). 
The organic extracts were dried and evaporated to give dialdehyde (5.05 g, 
99% yield) as a colourless solid; v,,, (neat) inter alia 1750 (CO), 1110 
(CH20CH2) cm-'; 6 ('H, 200 MHz, CDC13), 3.60 [m, (OC&CH2),], 
4.15(4H, S, 2 x CH2CHO), 9.70 (2H, S, 2 x CHO). - 

Preparation of Polyethyleneglycol Ditosylate Derivative 

p-Toluenesulfonyl chloride (4.18 g, 0.022 mol) was added to a solution of 
polyethyleneglycol 1 (10.0 g, 0.10 mol) in triethylamine (40 ml) and the 
reaction was stirred at room temperature overnight. The mixture was 
diluted with dichloromethane (30 ml), the white precipitate was removed 
by filtration, the filtrate was washed with hydrochloric acid (lM, lOOml), 
saturated sodium hydrogen carbonate solution (100 ml), dried and evapo- 
rated to give the ditosalate (12.23 g, 91% yield) as a colourless solid; S ('H, 

and (OCH2C&0),], - 7.25 and 7.80 (each 4H, d, J 8H2, 8 x ArH). 
~OOMHZ, CDCl3) 2.40 (6H, S, 2 x CH3), 3.40-3.95 [m, 2 x CH2 CH20Ts 

Preparation of Polyethyleneglycol Dibromide Derivative 

To a solution of the PEG ditosylate (5.00 g, 0.0037 mol) in Analar acetone 
(50 ml) was added sodium bromide (0.951 g, 0.00925 mol) and refluxed 
overnight. The white precipitate was removed by filtration and the acetone 
solution evaporated to give the dibromide (4.70 g, 96% yield) as colourless 
solid; 6 ('H, 200MHz, CDC13) 3.45 (4H, t ,  J 7Hz, 2 x CH*Br), 3.60 [m, 
(OCH2CH20),], _ _  3.80 (OCE2CH2Br). 

Preparation of Polyethyleneglycol Dialkene Derivative 

Allylmagnesium bromide (41.70 ml, 1 .O M solution in diethyl ether) was 
added to a solution of polyethyleneglycol dibromide (4.70 g, 0.041 mol) in 
tetrahydrofuran (30 ml) under argon at -78"C, and stirred at -78°C for 5 h. 
The reaction mixture was warmed to room temperature and quenched with 
saturated ammonium chloride. The product was partitioned between ethyl 
acetate and aqueous ammonium chloride, and the aqueous layer was re- 
extracted with ethyl acetate (2 x 50ml). The combined organic extracts were 
dried and evaporated to give PEG dialkene derivative (5.81 g, 100% yield) 
as a colourless solid; 6('H, 200 MHz, D20) 2.65 (4H, quintet, J 7Hz, 
2 x OCH~CHZCH~), 2.00-2.15 (4H, m, 2 x OCH$HlC&), 3.45 (4H, t, 
J7 Hz, 2 x OCH~CH~CHZ), 3.55 - 3.65 [m, (OCH2CI-f2)n], 4.90- 5.05 (4H, m, 
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2 x CH = CH,) and 5.65 - 5.90 (2H, m, 2 x CH= CH2); m/z (f.a.b.) inter 
alia 1189 (30%, M++Na), 1145 (So%, M++Na - OCH2CH2), 1101(30%, 
M++Na - 2 x OCH2CH2), 1057 (60%, M++Na - 3 x OCH2CH2), 1013 
(70%, M++Na - 4 x OCH2CH2), 969 (60%, M++Na - 5 x OCH2CH2), 
925 (60%, M++Na - 6 x OCH2CH2), 881(70%, M++Na - 7 x OCH2CH2). 

Preparation of Polyethyleneglycol Diboronic Acid Derivative 3 

Borane tetrahydrofuran (20 ml, 1 M solution in tetrahydrofuran) was added 
to a solution of PEG dialkene derivative (5.00g, 0.0047mol) in tetra- 
hydrofuran (40 ml) under argon and refluxed overnight. The reaction was 
cooled to room temperature and hydrochloric acid added (25 ml, 1M). The 
product was partitioned between ethyl acetate and the aqueous layer. The 
aqueous layer was extracted with dichloromethane, and the combined 
organic extracts were washed with saturated sodium chloride (2 x 50ml), 
dried and concentrated to give diboronic acid 3 derivative (5.73g, 100% 
yield); 6("B, 64.2MHz, CDC13) 31.8 [2 x CH2B(OH)2]; 6('H, 200MH2, 
CDC13) 0.60-0.85 [4H, br, 2 x B(OH)2 (disappears upon addition of DzO)] 
0.85-9.95 (4H, t ,  J 7Hz, 2 x CH2B), 1.15- 1.35 (4H, m, 2 x C&CH2B), 
1.30- 1.50 (4H, m, 2 x CE2CH2CH2B), 1.45 - 1.65 (4H, m, 2 x CH2CH2CH2 
CH2B), 3.55-3.65 [m, (OC€&C&)J, and 3.70-3.85 (4H, br t ,  J 7Hz, 
2 x OC&CH2CH2). 

Preparation of Polyethyleneglycol Diglucamide Derivative 5 

A mixture of polyethyleneglycol (PEG) diacid (10.00 g, 0.0166 mol) and 
thionyl chloride (70.00ml) were heated under argon, on a steam bath until 
the evolution of sulfur dioxide ceased. The excess of thionyl chloride was 
evaporated, and the crude acid chloride was used directly. To a solution of 
D-glucamide (0.0332 mol, 6.00 g) in tetrahydrofuran (130 ml) and water 
(20 ml) was added a solution of sodium hydroxide (2M, 30 ml) and the crude 
PEG diacid chloride simultaneously over a period of 45 min. The pH of the 
solution was maintained at around approximately 8.0 throughout. The 
resulting brown solution was evaporated to obtain the crude PEG digluca- 
mide 5 as a brown oil in 99% yield; v,,, (neat) inter alia 3400 (NH), 
1638 (CO) 1100 (CH20CH2) cm-'; 6('H, 200MHz, D20) 1.15 and 1.19 
(each 2H, s, 2 x NHCHz), 3.00-3.55 and 3.99-4.10 (each 4H, m, 8 x 
CHOH), and 3.60-3.89 [m, (OC&CH2)n and 2 x CH20H]; m/z (f.a.b) 
inter a h  928 (30%, Mf+H), 884 (loo%, M+-OCH2CH2), 840 [60%, 
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M+- (2 x OCH2CH2)], 796 [70%,M+-(3 x OCH2CHz)], 752 [70%,M+- 
(4 x OCH2CH2)], 655 [60%, M++H - (5 x OCH2CH2)I. 

Bottle-test Gel Strength Test: Procedure and Codes 

Guar gel samples were prepared by using a Waring blender. 50 ml of the gel 
was transferred to 40-oz Widemouth Bottles and the bottle was inverted to 
determine the gel strength code (Tab. IV). The gel preparation experiments 
were carried out using 500ml volumes of the guar solution. Most samples 
were tested using the 50 ml bottle test within 1 day of preparation. There was 
no appreciable loss of viscosity during this period. There was no addition of 
any anti-foaming agent; however the solutions generally settled without any 
problems. 
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